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RADLVTIOX  PRESSURE  AND  CELESTIAL  MOTIONS 

By  henry  NORRIS  RUSSELL 

.\BSTRACT 

Radial  velocities  of  nebulae. —  Various  suggested  explanations  are  shown  to  be 
inadequate,  (i)  The  maximum  radiation  pressure  due  to  the  Galaxy  as  a  whole  is 
probably  less  than  2  X 10- 13  dynes/cm^  After  deriving  an  expression  for  the  acceler- 
ation which  this  could  produce  in  a  spiral  nebula  of  a  given  apparent  diameter,  parallax 
and  spectroscopic  rotation,  it  is  shown  that  even  on  the  most  favorable  assumptions 
the  acceleration  of  the  Andromeda  nebula  cannot  exceed  i .  i  Xio-io  cm/sec'.,  or  that 
of  N.G.C.  4594,  1 .5X10-13  cm/sec^.  (2)  The.  gravitational  attraction  of  tlie  Galaxy 
upon  these  nebulae  is  probably  much  greater  than  the  repulsion  due  to  radiation, 
but  it  is  nevertheless  too  small  to  account  for  their  observed  radial  velocities.  (3)  .\nd 
electrostatic  repulsion,  if  sufficient  to  neutralize  gravitational  attraction,  would  cause  the 
disruption  of  the  bodies.  In  fact  pressure  of  any  sort  could  not  sensibly  alter  the 
motion  of  a  spiral  nebula  without  seriously  deforming  it. 

Radiation  pressure  between  binary  stars  must  even  in  extreme  cases  be  less  than 
one  ten-thousandth  of  the  gravitational  attraction,  and  is  probably  much  smaller. 

The  radial  velocities  of  those  spiral  nebulae  which  have  so  far 
been  observed  show  a  strong  preponderance  of  motions  of  recession. 
It  has  been  suggested'  that  this  indicates  that  these  nebulae  are 
repelled  by  the  galactic  system,  and  that  radiation  pressure  may  be 
the  effective  force  involved.  This  h}^othesis  may  easily  be  tested 
by  quantitative  calculations,  and  the  result  is  found  to  be  decisively 
against  it. 

I .  Magnitude  of  the  radiation  pressure. — -We  are  here  concerned 
with  the  radiation  of  the  galactic  system  as  a  whole  rather  than 

•  H.  Shapley,  Astrophysical  Journal,  50,  133,  1919. 
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that  of  individual  stars.  According  to  the  recent  determination 
by  van  Rhijn'  the  light  which  the  earth  receives  from  one  square 
degree  of  the  sky  (after  correction  for  sources  internal  to  the  solar 
system)  varies  from  o.oio  of  that  of  a  first  magnitude  star,  for 
regions  near  the  galactic  pole,  to  0.080  at  the  galactic  equator, 
the  average  for  the  whole  sky  being  0.035.  From  a  point  well 
outside  the  galactic  plane  the  surface  brightness  of  the  Galaxy, 
viewed  normally  to  its  plane,  should  be  twice  that  of  our  sky  near 
the  galactic  pole,  or  0.020.  We  shall  probably  overestimate  the 
total  radiation  at  such  a  point  if  we  assume  that  half  the  celestial 
sphere  has  the  average  brightness  of  our  sky,  0.035,  while  the 
other  half  is  quite  dark.  The  whole  radiation  from  the  bright 
hemisphere  will  equal  that  of  720  stars  of  the  first  magnitude; 
but  the  flux  of  radiation  perpendicular  to  the  diametral  plane  will 
be  half  as  great,  or  equal  to  360  stars  of  the  first  magnitude,  or 
one  star  of  magnitude  —5.4.  The  sun  as  seen  from  the  earth  is 
of  visual  magnitude  —26.7.  and  the  pressure  of  its  radiation  upon 
a  black  surface  normal  to  it  is  4.5X10"^  dynes  per  square  centi- 
meter. If  the  average  character  of  starlight  is  assumed  to  be 
similar  to  that  of  sunlight,  the  radiation  pressure  due  to  the  galactic 
hemisphere  works  out  as  1.33X10"'^  d}'nes/cm^  Since  the 
luminous  efficiency  of  sunlight  is  near  the  maximum,  this  estimate 
may  be  somewhat  low.  We  will  therefore  adopt  2.0X10"'^ 
dynes/cm^  as  the  radiation  pressure  due  to  the  light  of  the  Galaxy 
at  an  external  point  not  far  from  it.  For  points  at  distances 
comparable  with  the  diameter  of  the  galactic  system,  the  luminous 
part  of  the  sky  will  be  less  than  a  hemisphere,  and  the  pressure 
smaller,  and  at  great  distances  it  will  be  inversely  proportional 
to  the  square  of  the  distance. 

2.  Assumptions  regarding  radiation  pressure  on  nebulae. — The 
conditions  under  which  radiation  pressure  may  produce  the  greatest 
effect  in  setting  a  nebula  into  bodily  motion  may  be  summarized 
as  follows: 

a)  The  plane  of  the  nebula  is  perpendicular  to  the  direction  of 
the  pressure. 

*  H.  Shapley,  Astrophysical  Journal,  50,  373,  1919. 
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b)  The  nebula  intercepts  as  much  radiation  as  an  opaque  cir- 
cular disk  equal  in  diameter  to  its  own  maximum  diameter. 

c)  The  mass  of  the  nebula  is  as  small  as  is  consistent  with  known 
data. 

These  assumptions  will  give  a  superior  limit  for  the  influence  of 
radiation  pressure.  To  estimate  the  mass,  we  may  use  the  spec- 
troscopic observations,  which  show  that  the  central  portions  of 
some  nebulae  are  rotating  substantially  like  rigid  bodies,  and 
assume  that  the  centrifugal  force  at  the  periphery  of  this  region  is 
equal  to  the  gravitational  attraction  of  the  whole  mass.  On 
account  of  the  shape  of  the  nebula,  the  latter  attraction  will  be 
somewhat  greater  than  if  the  mass  was  concentrated  at  the  center ; 
but  this  factor  will  probably  be  more  than  balanced  by  the  neglect 
of  radiation  pressure  inside  the  nebula,  which,  in  so  great  a  mass, 
is  likely  to  be  important.' 

Let  us  now  suppose  that  the  radius  of  this  central  portion  of 
the  nebula  is  r,  its  extreme  outer  radius  i?,  and  its  parallax  x  (all 
in  seconds  of  arc),  and  that  the  peripheral  velocity  at  the  distance 
r  is  V  kilometers  per  second.  The  true  radius  of  the  nebula  is 
then  R/tv  astronomical  units,  or  1.5X10'^  R/ir  cm  and  its  area 
7 .04X10^^  R^/t^  cm^,  so  that  the  whole  force  of  radiation  pressure 
upon  it  will  at  most  be  F=i  .4Xio'''i?V7r^  dynes.  The  radius  of 
the  central  region  is  i .  5  X  io'^/tt  cm  and  the  velocity  at  this  distance 

lo^F  cm/sec.     The  mass  is  M  =  7t  ,  where  v  and  r  are  expressed  in 

KJ 

C.G.S.  units,  and  G  is  the  gravitational  constant,  6.66 Xio~^. 
Hence 

M=  2. 25X10^" — gm.  (i) 

The  acceleration  produced  in  this  mass  by  radiation  pressure  is 

therefore 

A  =  6.2,Xio-^T  R^/V^rir  cm/stc\  (2) 

All  the  quantities  which  appear  in  the  second  member  of  this 
equation  are  approximately  known  except  x.  The  smaller  the 
parallax,  the  greater  will  be  the  effect  of  radiation  pressure. 

'  Jeans,  Monthly  Notices  of  the  Royal  Astronomical  Society,  79,  328,  1919. 
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3.  Numerical  examples. — We  will  now  apply  these  formulae 
to  the  two  nebulae  for  which  sufficient  data  exist. 

a)  The  great  nebula  in  Andromeda:  Pease's  spectrograms' 
indicate  that  the  radial  velocity  along  the  major  axis  of  this  nebula 
changes  by  0.48  km  per  second  of  arc  from  the  nucleus,  up  to  a 
distance  of  at  least  160".  The  velocities  in  the  plane  of  the  nebula 
are  probably  i  .03  times  the  radial  velocities.  We  assume  therefore 
r=  180",  F  =  90  km/sec.  (which  may  be  too  small).  For  the  maxi- 
mum radius  Lundmark'  gives  R  =  t,6oo".  The  parallax  is  very 
uncertain.  To  get  a  maximum  effect  we  will  take  Lundmark's 
value,3  the  smallest  that  has  ever  been  suggested,  5"  X  io~^  We 
thus  obtain  the  acceleration, 

A  =  i  .12X10"'°  cm/sec^. 

b)  N.G.C.  4594. — The  radial  velocity  changes  by  2.78  km  per 
second  of  arc  up  to  a  distance  of  at  least  140".''  The  radial  veloci- 
ties are  practically  in  the  plane  of  the  nebula.  We  therefore  let 
r  =  i5o",  7  =  415  km/sec.  From  Lundmark's  list  we  have  7?  =  210"; 
7r=7"Xio~^  (the  mean  of  two  very  discordant  estimates).     These 

data  give 

^  =  1.53X10" '3  cm/sec* 

The  greater  of  these  two  accelerations,  acting  continuously  for 
100  million  years,  would  produce  a  velocity  of  3 . 5  km/sec.  At 
the  present  radial  velocity  of  —316  km/sec,  the  Andromeda 
nebula  would  require  6.5X10"  years  to  traverse  the  enormous 
assumed  distance  of  200,000  parsecs,  and  radiation  pressure  during 
this  interval  would  reduce  its  velocity  by  23  km/sec.  For  N.G.C. 
4594  the  corresponding  effects  are  very  much  smaller.  These 
estimates  are  probably  very  much  exaggerated.  The  nebulae  in 
.  question  are  by  no  means  as  large  as  the  circles  which  circumscribe 
them ;  it  is  far  from  certain  that  they  absorb  all  the  radiation  that 
falls  upon  them;  and,  above  all,  their  actual  parallaxes  may  be 
much  greater  than  the  assumed  values.     ^Moreover,  the  assumed 

'  Proceedings  of  the  National  Academy  of  Sciences,  4,  24,  1918. 

^  Kgl.  Sv.  Vet.  Akad.  Handlingar,  60,  8,  61,  1919. 

^Ibid.,  p.  62. 

^  Pease,  Proceedings  of  the  National  Academy  of  Sciences,  2,  520,  1916. 
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distances  are  so  great  that  it  is  probable  that,  seen  from  such 
distances,  the  Galaxy  would  cover  but  a  small  portion  of  a  hemi- 
sphere and  that  its  radiation  would  be  correspondingly  smaller. 
It  appears  therefore  safe  to  conclude  that  radiation  pressure 
cannot  have  modified  the  radial  velocities  of  these  nebulae,  during 
the  time  when  they  were  in  the  vicinity  of  the  Galaxy,  by  any 
important  fraction  of  their  present  amounts.  Though  only  two 
nebulae  are  at  present  available  for  discussion,  the  results  are  so 
conclusive  as  to  settle  the  question. 

4.  Comparison  with  gravitational  attraction. — It  must  not  be 
forgotten  that  the  stars  composing  the  Galaxy  exert  a  gravitational 
attraction  on  the  nebulae,  as  well  as  a  radiation  pressure.  For 
any  given  star  the  ratio  of  these  two  forces  is  independent  of  the 
distance,  but  varies  with  the  mass  and  area  of  the  body  on  which 
they  act.  The  same  will  evidently  be  true  of  the  radiation  and 
gravitation  of  the  galactic  system  as  a  whole.  At  the  earth's 
distance  from  the  sun,  the  gravitational  force  is  g  =  0.592  dynes 
per  gram,  and  the  radiation  pressure  ^  =  4.49X10"^  dynes/cm^. 
For  a  body  of  mass  m  grams,  which  presents  an  effective  surface 
s  cm^  to  the  sun's  rays,  the  ratio 

1=1.32X104^  (3) 

so  that  radiation  pressure  becomes  important  only  for  very  small 
particles,  as  is  well  known.  The  corresponding  ratio  for  the 
Galaxy  as  a  whole  will  be  greater  or  less  than  this  according  as  the 
average  emission  of  radiation  per  unit  mass  of  galactic  matter  is 
greater  or  less  than  in  the  case  of  the  sun.  This  average  value 
would  be  hard  to  estimate ;  but  we  may  set  a  superior  limit  to  it  by 
taking  the  corresponding  quantity  for  the  giant  stars,  which  are 
known  to  be  the  brightest  in  proportion  to  their  mass. 

In  an  investigation  by  the  writer^  169  slow  binaries  of  all  spectral 
types  from  B  to  M,  which  gave  evidence  of  being  giant  stars,  were 
found  to  have  mean  absolute  magnitude  —0.8,  corresponding  to 
180  times  the  sun's  light,  and  an  average  mass  8 .  i  times  that  of 
the  sun,  so  that  the  ratio  of  light  to  mass  is  22  times  that  for  the  sun. 

'  For  an  abstract  of  some  of  the  results,  see  Publications  of  the  American  Astro- 
nomical Society,  3,327,1918. 
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In  view  of  the  great  numbers  of  dwarf  stars,  which  give  out  far 
less  light  in  proportion  to  their  masses,  and  the  existence  of  unknown 
quantities  of  dark  matter,  it  is  probable  that  the  radiation  per  unit 
mass  for  the  Galaxy  as  a  whole  is  much  less  than  this;  but,  assum- 
ing this  exorbitant  value,  we  find  g/p  =  600  m/s. 

On  the  assumptions  of  section  2,  we  find  for  a  spiral  nebula  as 
a  whole  w/5  =  3.2X10-'  V^rir/R'.  Introducing  the  numerical  data 
of  section  3,  we  find  for  the  Andromeda  nebula  m/,y=  i  .8Xio~^ 
gm/cm^,  g=i.ip,  while,  for  N.G.C.  4594^  ni/s  =  T.T,  gm/cm"; 
g  =  Soop.  The  computed  surface  density  for  the  Andromeda 
nebula  is  much  the  smaller  of  the  two,  because  the  "central 
region"  has  been  assumed  to  be  much  smaller  in  comparison  to  the 
whole  nebula. 

Since  all  the  data  have  been  deliberately  chosen  so  as  to  exag- 
gerate the  importance  of  radiation  pressure,  it  may  be  concluded 
'that,  in  all  probability,  the  gravitation  of  the  galactic  system  is 
much  more  important,  in  its  influence  upon  the  nebulae,  than  the 
pressure  of  its  radiation. 

5.  Magnitude  of  the  attraction. — To  get  a  rough  idea  of  this,  let  us 
suppose  that  the  mass  of  the  galactic  system  is  equal  to  10^°  suns, 
or  2  X  iC^  grams  (which  is  four  times  larger  than  Jeans's  estimate^, 
and  that  this  acts  as  if  concentrated  at  a  point  from  which  dis- 
tances are  measured.  . 

For  the  Andromeda  nebula  we  have,  from  (1),  M  =  —^ gms 

and  for  X.G.C.  4594  M  = gms.     The  parabolic  velocity, 

U,  for  two  bodies  of  masses  M  and  m'.  at  a  distance  r,  is  given 

fj.  { -ty^  -_l_  ^^7     J 

by   the    equation    U  = .     For    a  nebula  of  parallax  ir, 

3.08X10'^  ^  , 

r  =  - cm.     Introducmg  w  =  2  X  iC^  and  the  values  of  M 

IT  ° 

given  above  for  the  two  nebulae,  we  find,  for  the  Andromeda  nebula, 
in  kilometers  per  second, 

r  =  66oo  (tt-I- 1. 6X10-7)'. 

Sunilarly,  for  N.G.C.  4594,  we  find  t/  =  66oo  (7r+2.9Xio"^)'. 
The  paraboHc  velocity  would  equal  the  observed  radial  velocity  of 

'  Problems  of  Cosmogony,  p.  222  (1919). 
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the  Andromeda  nebula,  —316  km  sec,  if  7r  =  o''oo23.  For  N.G.C. 
4594,  with  a  radial  velocity  of  +1180  km/sec,  the  corresponding 
value  of  X  is  ©''03  2. 

There  can  be  no  reasonable  doubt  that  the  distances  of  these 
two  nebulae  are  greater  than  the  limits  thus  assigned,  and  it 
follows  that,  on  the  assumptions  made,  the  gravitational  attraction 
of  the  whole  Galaxy  is  insufficient  to  produce  the  observ^ed  radial 
velocities  by  a  fall  from  infinity,  or  to  prevent  the  nebulae  from 
receding  to  an  infinite  distance.  As  a  large  value  was  purposely 
taken  for  the  assumed  mass  of  the  Galaxy,  the  conclusion  appears 
trustworthy. 

6.  Radiation  pressure  on  stars. — It  has  been  recently  suggested^ 
that  radiation  pressure  may  nearly  neutralize  the  attraction  of  the 
components  of  certain  spectroscopic  binaries  for  one  another,  or 
of  such  a  nebula  as  that  in  Orion  upon  the  neighboring  stars. 

For  a  pair  of  stars  similar  to  the  sun,  we  have  from  (3)  (intro- 
ducmg  5=1.52X10",  w  =1.98X10^^)  ^/g  =  5.8Xio-'^  Taking 
now  the  sun's  mass,  radius,  cross-section,  etc.,  as  units,  and  con- 
sidering the  influence  of  a  star  of  mass  M^,  area  5i,  and  surface- 
brightness  /i,  upon  a  companion  of  mass  M2  and  area  5^,  we  have 

P/g=5.8Xxo-.'/.||-.  (4) 

Let  a  be  the  mean  distance  of  M^  from  the  center  of  gravity, 

e  the  eccentricity  of  the  orbit,  and  y  the  ratio  ISijM^.     The  peri- 

astron  distance  is  a  {i-\-y)  (i— e).     The  sum  of  the  radii  of  the 

stars   must   be   less   than  this;    whence  SiS2<j^a'^{i+yy{i—ey. 

If  P  is  the  period  in  days,  we  have  (remembering  that  a  is  measured 

in  solar  radii) 

a3(i-f-j)3 


whence,  from  (4) 


Mi-{-M  2=0. 012) 


/>/g<  2. 14X10-3^^^^^^!^, 


'  Henroteau,  Journal  of  the  Royal  Astronomical  Society  oj  Canada,  14,  93,  1920. 
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Let  A'  be  the  semi-amplitude  of  variation  of  radial  velocity 
of  the  bright  star  (in  km/sec).     Then,  in  our  units 


and 


a  sin  ^=0.0198  KP{i  —  e^y^ 

J  P^  (-L  —  e)^ 
?/S<5.SXio-°^^5^sm-i. 


(5) 


The  last  two  factors  are  always  less  than  unity;  and  y  is  greater 
than  unity  in  all  spectroscopic  binaries  for  which  it  can  be 
determined. 

Appl>ang  (5)  to  those  spectroscopic  binaries  for  which  p/g  comes 
out  greatest,  and  introducing  plausible  (and,  on  the  whole,  high) 
values  of  /i,  we  find: 


Star 


p 

e 

K 

Spectnim 

J 

days 

km 

138 

0.18 

14-95 

B3 

30. 

270 

i-S 

F8 

2. 

489 

0.18 

8.46 

G 

I. 

1510 

0.31 

3-5 

A 

10. 

2175 

0.30 

6.12 

A 

10. 

2120 

0.20 

2.12 

Ma 

0.1 

2220 

0.24 

2-45 

Ma 

0.1 

5588 

0.65 

8.45 

F8 

2. 

Limit  of  p/$ 


f  Tauri 

5  Canis  Majoris 

77  Bootis 

€  Ursae  Majoris 
7  Geminorum .  . 

a  Scorpii 

a  Ononis 

€  Hydrae 


6.6Xio~^ 
3.6Xio~5 
8.5X10"^ 
2.5Xio~* 
i.8Xio~'* 
2.4X10  ^ 
2.0X10""^ 
i.3Xio~s 


The  quantities  in  the  last  column  have  still  to  be  multiplied 


sm-* 


by  the  factor  and  also  by  another  (and  usually  very  small) 

factor  arising  from  the  fact  that  the  stars  are  probably  very  far 
from  being  in  contact  at  periastron.  It  is  therefore  evident  that 
radiation  pressure  between  the  components  of  a  binary  system 
must  in  all  cases  be  utterly  neghgible,  in  comparison  w^ith  gravi- 
tation. 

The  whole  luminous  radiation  of  the  Orion  nebula  is  probably 
less  than  that  of  5  Canis  Majoris  (which  is  at  a  comparable  distance). 
Unless  the  mass  of  the  whole  nebula  is  less  than  that  of  the  star, 
its  gravitational  attraction  must  enormously  exceed  the  pressure 
of  its  radiation  upon  any  body  of  stellar  dimensions  and  mass. 

Radiation  pressure  is  doubtless  effective  on  comets'  tails,  on 
account  of  their  excessively  low  mean  density,  and  is  also  of  funda- 
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mental  importance  in  the  interior  of  giant  stars,  where  the  intensity 
of  the  radiation  is  exceedingly  great;  but  it  appears  to  be  almost 
impotent  under  other  circumstances.  Eddington'  has  recently 
shown  that  it  is  doubtful  whether  it  is  competent  to  support  even 
so  tenuous  a  structure  as  a  solar  prominence. 

7.  Deformation  of  nebulae  by  pressure.- — It  may  be  shown,  more 
generally,  that  it  is  very  improbable  that  any  uniform  pressure 
whatever  could  sensibly  affect  the  motions  of  spiral  nebulae  without 
seriously  deforming  them. 

It  is  probable  that  most  of  the  mass  is  concentrated  in  the 
central  parts  of  the  nebula,  while  the  pressure  will  influence  mainly 
the  extensive  outl}dng  regions.  It  follows  that,  under  the  action 
of  a  lateral  pressure,  the  nebula  will  assume  a  dished  form,  convex 
to  the  direction  from  which  the  pressure  comes,  so  that  the  gravi- 
tational attraction  of  the  central  mass  upon  any  outlying  portion 
will  have  a  component  perpendicular  to  the  general  plane  of  the 
nebula,  and  opposite  in  direction  to  the  pressure,  which  balances 
the  difference  in  the  acceleration  of  the  two  masses  by  the  pressure 
itself.  These  gravitational  forces  will  transfer  the  momentum 
imparted  by  the  pressure  from  the  outer  regions  to  the  nucleus 
and  cause  the  whole  nebula  to  move  as  one  mass. 

Pressure  acting  parallel  to  the  plane  of  the  nebula  would  distort 
the  arms,  in  this  plane,  in  a  similar  fashion. 

No  such  distortions  are  apparent  upon  the  photographs  of 
spiral  nebulae;  and  it  appears  safe  to  conclude  that,  even  at  the 
outer  edge,  the  gravitational  attraction  is  fully  ten  times  as  great 
as  the  effects  of  any  lateral  pressure  which  may  be  present. 

From  the  data  of  section  3,  the  gravitational  acceleration  at  the 

V'rir 
outer  edge  of  the  nebula  is  found  to  be  ^  =  6 .  66  X 10   •*    „,    cm,  sec.^ 

Suppose  now  that  the  lateral  pressure  is  g  d}Ties  per  cm.  The 
acceleration  which  this  will  produce  upon  the  nebula  as  a  whole 

is  ^  =  ^  .1  Xio'-^tt; —  cm/sec^     If  A'  is  the  ratio  of  the  eft'ective 

surface  density  (gm/cm^)  for  any  part  of  the  nebula  to  the  mean 
surface  density  for  the  whole  nebula,  the  acceleration  of  this  part 
alone  under  the  action  of  the  pressure  would  be  A  K.     Let  A'l  be 

'  Monthly  Notices  of  the  Royal  Astronomical  Society,  80,  723,  1920. 


lo  HENRY  NORRIS  RUSSELL 

the  corresponding  \-alue  for  the  central  region  and  K2  for  the  outer 
edge;  then  the  relative  acceleration  of  the  two  is  ^\^~1^)- 
This  must  not  exceed  one-tenth  of  g,  which  gives 

The  value  of  the  last  factor  can  hardly  be  estimated,  but  it  is  likely 
to  be  small,  since  A'l  is  probably  considerably  greater,  and  K^ 
much  less,  than  unity.     We  have,  therefore, 

.4<6. 7X10-5-^. 

Introducing  the  numerical  values  of  section  3,  we  find,  for  the 
Andromeda  nebula, 

A  <3 .5X10"'^  cm/sec^. 

and,  for  X.G.C.  4594, 

^<2.5Xio~9  cm/sec^ 

The  latter  acceleration  would  require  1.5X10^  years  to  produce 
the  observed  radial  velocity  of  the  nebula,  and  during  this  time 
would  drive  it  to  a  distance  of  9  X 10^  parsecs,  which  is  comparable 
with  the  distance  assumed  above.  It  might  therefore  be  claimed 
that  the  motion  of  this  nebula  could  be  accounted  for  by  a  repulsive 
pressure  of  some  sort;  but  it  should  be  remembered  that  several 
factors,  all  tending  to  diminish  the  pressure  effect,  have  been 
ignored  in  the  foregoing  discussion.  The  magnitude  of  the  neces- 
sary pressure,  3X10"^  dynes/cm^  is  improbably  great,  being 
equivalent  to  that  of  radiation  of  the  quality  of  sunlight,  and 
thirty  times  as  bright  as  that  of  the  full  moon. 

For  the  Andromeda  nebula,  the  greatest  permissible  pressure 
is  much  less  than  that  assumed  in  section  3,  which  shows  only  that 
the  choice  among  uncertain  data,  there  made  with  the  purpose  of 
exaggerating  the  influence  of  radiation  pressure,  went  too  far. 

The  argument  of  this  section  assumes  that  the  outer  parts  of  a 
spiral  nebula  are  permanently  associated  with  the  nucleus  and  in 
some  sort  of  equilibrium.     This  is  more  than  dubious;  but,  if  the 
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arms  of  the  spiral  are  in  process  of  relatively  rapid  dissipation  into 
space,  the  influence  of  pressure  upon  the  motion  of  the  nucleus 
must  be  much  less  than  that  calculated  above. 

8.  Electrical  forces. — Finally,  a  brief  examination  may  be  made 
of  the  suggestion  that  electrical  repulsive  forces  are  concerned  in 
the  motions  of  the  nebulae. 

In  view  of  the  distances  and  velocities  concerned,  only  electro- 
static forces  need  be  considered.  Here  a  serious  difficulty  immedi- 
ately appears.  If  the  galactic  system  as  a  whole  and  the  nebula 
as  a  whole  are  similarly  charged,  and  the  electrostatic  repulsion 
between  them  exceeds  the  gravitational  attraction,  then  the  same 
should  be  true  of  the  forces  acting  between  the  separate  parts  of 
either  system,  and  both  should  disintegrate.  ]\Ioreover,  the 
magnitude  of  the  charges  and  potentials  involved  is  extraordinary. 
To  realize  the  order  of  the  quantities  concerned,  suppose  that  the 
charge  on  any  body  is  proportional  to  its  mass,  and  just  sufficient 
to  neutralize  the  gravitational  attraction.  The  necessary  quantity 
of  electricity  is  G^  or  2.58X10"'^  electrostatic  units  per  gram. 
Consider  a  spherical  mass  of  radius  r  and  mean  density  p.  Its 
total  charge  will  be  ^irpr^G^  e.s.u.  Since  all  bodies  of  astronomical 
size  behave  as  conductors,  this  charge  will  be  concentrated  on  the 
surface,  with  a  surface  density  <i^\prC^.  The  capacity  of  the 
sphere  is  r  in  electrostatic  units,  and  the  potential  at  the  surface 
will  be 

F=  iirpr^G^  e.s.u. 

At  the  surface  of  the  sphere  there  will  be  an  outward  pressure 
p,  due  to  the  mutual  repulsion  of  the  elements  of  the  charge,  given 
by  the  equation  p  =  2x0-^  =  gTrpV^G.  It  is  easily  verified  that  this 
is  one-third  of  the  gravitational  pressure  at  the  center  of  the  mass, 
if  the  latter  is  homogeneous. 

For  the  earth  we  have  p  =  5-5,  r  =  6.37X10^ cm,  whence 
F  =  2 . 4  X  10^5  e.s.u.  =  7.2X10''  volts !  The  electrical  pressure 
at  the  surface  comes  out  5.75X10"  dynes/cm^  or  570,000  atmos- 
pheres— which  would  suffice  to  tear  the  surface  material  loose  and 
blow  it  away  into  the  depths  of  space.  For  bodies  of  stellar 
dimensions  the  results  are  still  more  extravagant. 
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It  appears  therefore  that,  even  if  it  were  possible  to  charge 
bodies  of  planetary,  and  much  more  of  stellar,  dimensions  to  such 
potentials  that  their  electrostatic  repulsion  equaled  their  gravi- 
tational attraction,  they  could  not  retain  these  charges. 

9.  The  results  of  this  summary  survey  of  the  problem  indicate 
that  radiation  pressure  between  individual  stars  is  wholly  negligible; 
that  such  pressures,  even  under  the  most  favorable  assumptions, 
cannot  account  for  any  considerable  portion  of  the  observed 
velocities  of  the  spiral  nebulae;  or  even  counteract  the  gravi- 
tational attraction  of  the  Galaxy;  that  it  is  extremely  improbable 
that  pressure  of  any  sort  could  set  the  nebulae  in  such  rapid  motion 
without  deforming  them  to  a  degree  inconsistent  with  observation; 
and  that  electrostatic  repulsions  appear  also  to  be  excluded. 

Even  the  gravitational  attraction  of  the  Galaxy  appears  to  be 
insufficient  to  account  for  the  magnitude  of  these  velocities — to 
say  nothing  of  their  signs.  Two  known  explanations,  at  least, 
remain — the  gravitation  of  a  hypothetical  huge  system  of  which 
all  the  nebulae,  and  our  Galaxy,  are  but  parts,  and  a  relativity 
effect,  depending  perhaps  on  the  "curvature"  of  space  as  a  whole, 
as  discussed  by  de  Sitter.'  In  the  writer's  opinion,  it  is  more 
important  at  present  to  increase  the  volume  of  data  available  than 
to  postulate  the  existence  of  unknown  forces  to  explain  the  small 
amount  of  evidence  which  we  now  possess. 

Princeton  University  Observatory 
September  30,  1920 

'  Monthly  Notices  of  the  Royal  Astronomical  Society,  78,  28,  1917. 


THE  PARALLAXES  OF  1646  STARS  DERIVED  BY 
THE  SPECTROSCOPIC  METHOD' 

By  W.  S.  ADAMS,  A.  H.  JOY,  G.  STROMBERG,  and 
CORA  G.  BURWELL 

ABSTRACT 

Spectroscopic  method  of  determining  absolute  magnittide  and  parallax. — Some 
years  ago  it  was  discovered  that  there  is  a  correlation  between  the  relative  intensities 
of  certain  spectral  lines  and  absolute  magnitude  for  stars  of  the  more  advanced  spectral 
types.  In  the  past  three  years  a  large  number  of  new  trigonometric  parallaxes  has 
become  available  and  has  enabled  this  correlation  to  be  established  more  accurately. 
For  the  stars  for  which  trigonometric  parallaxes  have  been  determined  the  absolute 
magnitudes  have  been  computed  directly,  but  for  the  Cepheid  variables  the  parallactic 
motion  has  been  used,  and  in  the  case  of  the  giant  M  stars  a  combination  of  results 
derived  from  peculiar  motion  and  trigonometric  parallaxes.  The  formulae  employed 
are  shown  in  the  text.  The  absolute  magnitudes  obtained  in  this  way  have  been 
plotted  against  the  relative  intensities  of  certain  pairs  of  lines  and  from  the  resulting 
curves  reduction  tables  have  been  constructed  for  each  observer.  These  curves 
are  continuous  except  in  the  case  of  stars  of  the  late  K  and  M  types  where  the  division 
into  giants  and  dwarfs  introduces  a  marked  discontinuity.  The  absolute  magnitudes 
and  parallaxes  derived  by  means  of  these  tables  are  found  to  have  probable  errors 
of  ±0.4  magnitude  and  ±20  per  cent,  respectively.  The  method  used  in  classifying 
the  spectra  and  in  estimating  the  intensities  of  the  spectral  lines  is  described. 

Absolute  magnitudes  and  spectroscopic  parallaxes  of  1646  stars,  including  revised 
values  for  495  stars  contained  in  the  191 7  list. — An  extensive  table  gives  the  Boss  or 
Cincinnati  number,  the  name  and  position  of  each  star,  the  Harvard  visual  magnitude, 
total  proper  motion,  spectral  type,  absolute  magnitude,  and  spectroscopic  parallax. 
The  trigonometric  parallax  is  given,  if  known. 

The  determination  of  the  absolute  magnitudes  of  stars  from  the 
intensities  of  certain  spectral  lines  has  formed  a  regular  part  of  the 
stellar  spectroscopic  work  of  the  Mount  Wilson  Observatory  during 
the  past  five  years.  Photographs  of  the  spectra  obtained  for  measure- 
ments of  radial  velocity  have  also  been  utilized  for  the  calculation 
of  absolute  magnitudes,  and  the  lists  of  stars  under  observation 
have  been  selected  with  both  of  these  purposes  in  view. 

Since  the  last  publication  in  191 7,  of  absolute  magnitudes 
and  parallaxes  for  any  considerable  number  of  stars,   numerous 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  199. 
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developments  and  changes  have  taken  place  in  the  methods  used 
for  particular  groups  of  stars  and  in  the  material  upon  which  the 
spectroscopic  reductions  are  based.  The  rapid  increase  in  the 
number  of  parallaxes  determined  trigonometrically  by  the  photo- 
graphic method  has  in  particular  added  greatly  to  the  accuracy  of 
the  fundamental  values  used  as  the  basis  of  the  spectroscopic 
reductions.  They  have  also  made  it  possible  to  divide  the  stars 
into  groups  of  comparatively  small  range  in  spectral  type,  and 
thus  to  secure  a  continuity  in  the  reduction  tables  which  was  not 
possible  when  the  material  was  more  scanty.  With  the  aid  of 
this  large  amount  of  valuable  trigonometric  parallax  material,  and 
the  results  furnished  by  computations  based  on  the  parallactic 
and  peculiar  motions  in  the  case  of  stars  having  very  small  paral- 
laxes, we  now  feel  reasonably  certain  that  a  reduction  scale  has  been 
estabhshed  which  will  not  require  very  serious  modification  in  the 
future.  Such  corrections  as  may  become  necessary  when  our 
knowledge  of  systematic  errors  in  trigonometric  parallaxes  and  of 
mean  parallax  relationships  is  more  advanced  than  at  present  can 
probably  be  applied  in  the  form  of  tabular  modifications  of  the 
results  given  here. 

The  main  purpose  of  this  communication  is  to  place  in  the  hands 
of  astronomers  the  results  in  the  form  of  absolute  magnitudes  and 
parallaxes  so  far  obtained  by  the  use  of  the  spectroscopic  method. 
For  this  reason  no  attempt  is  made  in  this  place  to  discuss  the 
bearing  of  the  material  on  a  number  of  stellar  problems.  We 
expect,  however,  at  an  early  date  to  supplement  this  article  with 
a  consideration  of  the  evidence  aft'orded  by  the  results  on  such 
questions  as  the  giant  and  dwarf  divisions  among  the  stars  of  the 
several  spectral  t}^es,  the  relationship  of  parallax  to  proper  motion, 
the  probable  systematic  errors  in  parallax  determinations,  and  the 
motion  in  space  of  the  stars  in  the  list. 

DERIVATION  OF  THE  REDUCTION  TABLES 

The  general  principle  employed  in  the  derivation  of  the  reduc- 
tion tables  has  been  to  group  the  stars  according  to  spectral  t>T)e 
and  absolute  magnitude,  using  provisional  tables  for  computing 
the  latter,  and  then  to  derive  systematic  corrections  to  the  pro- 
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visional  absolute  magnitudes  on  the  assumption  that  the  corrections 
are  constant  for  the  groups  in  question. 

The  relative  accuracy  of  the  three  methods  used  in  computing 
mean  absolute  magnitudes — from  trigonometric  parallaxes,  par- 
allactic motions,  and  peculiar  motions — is  quite  different  for  the 
near  and  the  distant  stars.  For  the  nearer  stars  the  trigonometric 
parallaxes  give  by  far  the  most  reliable  results,  while  for  stars  among 
which  there  are  no  large  parallaxes  the  parallactic  motion  gives 
the  best  result,  provided  the  peculiar  motions  are  small,  no  selec- 
tion based  upon  proper  motion  has  been  made,  and  the  group  of 
stars  as  a  whole  is  at  rest  relative  to  the  stars  in  general.  For 
this  reason  the  parallactic  motion  has  been  used  to  compute 
the  mean  absolute  magnitudes  only  for  very  large  groups  of  stars. 
The  result  in  such  cases  has  been  found  to  agree  closely  with  that 
derived  from  trigonometric  parallaxes  and  hence  has  been  used 
merely  as  a  check  upon  the  latter.  Exceptions  are  the  Cepheids 
and  the  stars  of  similar  spectral  type  for  which  the  parallactic 
motion  has  been  used  exclusively. 

A  peculiar  feature  is  that  the  parallactic  motion  for  the  dwarf 
stars  gives  very  much  larger  mean  parallaxes  than  those  derived 
directly  from  measured  parallaxes,  probably  indicating  that  these 
stars  as  a  whole  have  a  velocity  differing  from  that  of  the  stars 
in  general. 

The  peculiar  motion  can  give  accurate  results  only  if  the  pecuHar 
velocities  are  large  as  compared  with  the  solar  motion.  The  results 
from  the  peculiar  motion  are  in  good  agreement  with  the  results 
from  trigonometric  parallaxes  for  all  stars  fainter  than  about 
absolute  magnitude  +2.  For  such  stars,  however,  the  measured 
parallaxes  are  large  enough  to  provide  good  determinations  of  the 
mean  absolute  magnitudes,  and  consequently  the  only  case  in  which 
the  results  from  the  peculiar  velocities  have  been  used  is  that  of 
the  giant  M  stars,  for  which  a  combination  of  the  results  from 
trigonometric  parallaxes  and  from  peculiar  motions  has  been 
employed. 

The  formulae  used  for  computing  mean  absolute  magnitudes 
from  trigonometric  parallaxes,  parallactic  motions,  and  peculiar 
motions  will  now  be  deduced. 
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a)  Trigonometric  parallaxes. — The  following  notation  has  been 
used: 

TT    =  true  parallax 
TTo  =  trigonometric  parallax 
Co    =  true  error  of  the  trigonometric  parallax 
M'<  =  true  absolute  magnitude  defined  as  the  apparent  magnitude  at  a 

distance  corresponding  to  a  parallax  of  of'i  (lo  parsecs) 
M  =most  probable  absolute  magnitude 

Mi  =  absolute  magnitude  as  given  by  the  provisional  reduction  tables 
5    =  systematic  correction  to  M,  for  reducing  it  to  M 
T   =  accidental  error  of  M^-]rS 
m   =  apparent  magnitude 
TTi  =  spectroscopic  parallax  based  on  Mi  as  the  absolute  magnitude 

We  then  have: 

M,^M,+S+T  =  m^-s+S  ^og  (TTo+eo) 


and 
Hence 

or 


Mi  =  w+5+5  logTTi 
5+r=5log'^^±^ 


where  o-  =  io°  ^^  and  r  =  io°  ^^ 


(i) 


Further 


.—  Tr^O    2r_ 


i+£+i£^+  .   . 


where  0.2T  \  (2) 

We  shall  limit  ourselves  in  the  following  to  the  second  order 
of  the  error  T. 

From  equations  (i)  and  (2)  we  may  deduce  an  expression  for  the 
mean  of  a  number  of  parallaxes.  We  shall  then  make  use  of  the 
well-known  approximate  formula 

ab  —  a  b 

which  is  valid  if  the  two  variables  a  and  h  vary  independently  of  one 
another.     Since  Ti  is  dependent  upon  T  and  thus  also  upon  t  and 
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E,  we  must  separate  Ti  from  r  before  taking  the  arithmetical  mean. 
From  equation  (i)  we  obtain 

x.(r  =  '^^"=  (7r„+6o)(i -£+|£^) 

T 

From  this  equation  we  deduce 

TT  jO- — To  A  =  60 — ttE  (3) 

where 

A  =  i+iE^  (4) 

In  the  following  we  shall  assume  that  the  errors  eo  and  T,  and 
hence  also  E,  have  a  normal  error-distribution. 

Taking  the  arithmetical  mean  of  a  number  of  equations  of  form 
(3)  we  obtain 

Tia—ToA=oov-^'  =  Tro  =  T  '  (5) 

A 

where 

Z  =  i+i£^>i  (6) 

The  quantity  ttiO-  is  the  parallax  corresponding  to  the  most 
probable  absolute  magnitude  M  =  Mj-\-S.  The  mean  of  a  series 
of  these  parallaxes  is  not  exactly  equal  to  the  mean  of  the  corre- 
sponding trigonometric  parallaxes,  but  is  systematically  larger. 
This  fact  depends  upon  the  unequal  effects  produced  in  the  spec- 
troscopic parallax  by  a  positive  and  a  negative  error  of  the  same 
size  in  the  estimation  of  the  absolute  magnitude. 

In  order  to  make  the  spectroscopic  parallaxes  directly  com- 
parable with  the  trigonometrical  ones,  we  shall  define  the  quantity 

-^  as  the  spectroscopic  parallax  tt  ,  and  in  the  first  instance  deter- 

a 
mine  the  quantity   j  .     The  absolute  magnitudes  corresponding 

to  these  spectroscopic  parallaxes  have  been  denoted  by  M'  and  are 
those  given  in  the  catalogue. 
We  then  have 

if'  =  f«+5+5  log7ria-5  log  A 

M'=m-{-s+s  log  it' 
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The  most  probable  absolute  magnitude  M  defined  in  such  a 
way  that  a  positive  and  a  negative  error  T  have  the  same  proba- 
bility is  related  to  M'  by  the  equation 

M=M'-{-s  log  A  (7) 

and 

^=1+  ,,    ,,  (8) 

Mod'  ^ 


where  6  is  the  mean  error  in  an  estimate  of  the  absolute  magnitudes. 

In  the  d 
condition  (3) 


In  the  determination  of  ^  we  start  from  the   equations  of 


Ti(T  —  ToA  =  eo  —  tE 

If  the  range  in  the  values  of  tti  is  small,  we  may  find  -=  by  taking 

arithmetical  means  of  equations   (3)  multiplied  by  the  relative 
weights  p  of  the  trigonometric  parallaxes : 

(T       XpTTo 


A     ^P^i 


(9) 


If  the  range  in  tt  is  considerable,  we  do  not  utilize  to  their  full 
extent  the  higher  weights  of  the  larger  parallaxes  by  using  equation 
(9).  An  ordinary  least-squares  solution  might  give  erroneous 
results  on  account  of  the  effect  of  large  values  in  the  errors  E  and  €o- 
For  this  reason  we  have  in  general  used  a  compromise  between  the 
direct  mean  of  the  equations  of  condition  as  given  by  (9)  and 
the  ordinary  least-squares  solution  based  upon  the  weighting  of  the 
errors  €o-  Dividing  the  results  into  three  or  four  groups  according 
to  the  size  of  tTj,,  we  have  as  in  (9) 

1 


A 

Weight  =  — 


k'^p+ti^PE!l 


}•  (10) 


where  k  is  the  mean  error  of  the  trigonometric  parallaxes  corre- 
sponding to  unit  weight,  n  is  the  number  of  stars,  and 

^  Mod' 
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If  we  assume  definite  values  of  k  and  r]  we  can  make  an  ordinary 
least-squares  solution  of  equations  (10).  The  values  of  k  and  rj 
used  are 

k=  ±o''oi5,  corresponding  to  a  probable  error  in  ttq  of  ±o''oio 
7j=  ±0 .  205,  corresponding  to  a  probable  error  in  l/i+5  of  =^0.3 

In  order  to  secure  a  grouping  independent  of  the  errors  in  the 
estimates  of  the  absolute  magnitudes,  a  solution  was  made  using 
the  proper  motions  reduced  to  zero  apparent  magnitude  as  a  basis 
of  the  grouping.  In  this  case  there  is  less  danger  of  a  systematic 
effect  upon  the  sums  ST  and  S£  which  we  have  to  suppose  to  be 
equal  to  zero. 

In  the  first  computation  of  the  systematic  correction  to  the  pro- 
visional reduction  tables  all  available  trigonometric  parallaxes 
for  stars  in  the  list  were  used.  The  reductions  to  absolute  parallaxes 
were  generally  computed  from  the  apparent  magnitudes  of  the 
comparison  stars,  using  the  table  given  by  Kapteyn  in  Groningen 
Publications,  No.  24,  page  15.  For  the  parallaxes  determined  at 
the  Allegheny,  McCormick,  and  Sproul  observatories  a  constant 
reduction  of  -|-o''oo5  and  for  the  Mount  Wilson  parallaxes  one  of 
+o''oo2  has  been  applied  throughout.  The  weights  of  the  differ- 
ent determinations  based  upon  the  size  of  the  probable  errors  are 
as  follows: 

Mount  Wilson    .      .      .  1.5 

Greenwich 1.5 

Allegheny i  .0 

McCormick 1.0 

Sproul 1 .0 

Yerkes     -      .      .  .1.0 

Yale 0.5 

Fox 10 

A  second  approximation  was  made  using  only  the  parallaxes 
determined  at  the  Allegheny,  McCormick,  Yerkes,  and  ]Mount 
Wilson  observatories,  all  being  given  the  same  weights.  Slight 
corrections  based  on  this  latter  computation  were  then  applied 
to  the  tables  resulting  from  the  first  approximation.  In  the  final 
analysis  the  reduction  tables  are  thus  based  almost  exclusively  on 


Voute 

05 

Abetti    .      . 

0.4 

Russell  . 

0.3 

Peter      .      . 

0-3 

Jost        .      . 

0.3 

Kaptejm 

0.4 

Flint  I    .      .■ 

0.05 

Flint  II 

0.2 
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the  four  series  of  trigonometric  parallaxes  mentioned  above.  The 
differences  between  the  two  solutions  are,  however,  very  small. 
b)  Parallactic  motion. — The  co-ordinates  of  a  star  in  space 
relative  to  the  sun  and  referred  to-  the  equatorial  system  of 
co-ordinates  are 

X=r  cos  a  cos  5^ 

F=rsinacos5   r  (ii) 

Z=rsin5  J 

where  r  is  the  distance  from  the  sun  and  a  and  8  are  the  right 
ascension  and  declination  of  the  star.  Differentiating  these  equa- 
tions with  respect  to  the  time,  we  obtain  the  velocity  components 
X,  y,  and  z,  in  km  per  second  relative  to  the  sun. 


V  cos  a  cos  8  —  (jUi  sin  a+Ma  cos  a  sin  8) 


y=V  sin  a  cos  5+    (mi  cos  a— 1x2  sin  a  sin  8) 


z=  F  sin  5-f-   /i,  cos  8 

IT 


(12) 


where 


F  =  radial  velocity 
TT  =  parallax 


IJ'i  =  fia  cos  5 

Ha  and  )U5  =  annual  proper  motion  in  a  and  8  in  seconds  of  arc 

,     astronomical  unit  of  length  in  km 

«  =  — ■ -, ? ,    .    =  4.737 

number  of  seconds  m  a  year 

Introducing  the  velocity  components  Xo,  jo,  and  Zo  of  the  sun 
relative  to  the  geometrical  centroid  of  a  large  number  of  stars,  we 
have 

x-\-Xo  =  e„         >'+}'o  =  e2,         2+00  =  63 

where  61,  €2,  and  e^  are  the  peculiar  velocity  components  of  the 
star  referred  to  this  centroid. 

If  we  use  the  same  co-ordinates  for  the  sun's  apex  for  all  spectral 
types  and  absolute  magnitudes  and  adopt  the  values  computed 
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for  the  stars  of  later  type  given  in  Mount  Wilson  Contributions, 
No.  144,  page  14, 

ao  =  27o?9,        3o  =  +  29?2,         Fo  =  21 .48  km/sec. 

we  find 

.Vo  =  +o.28,      jo=— 18.75,        Zo=  +  I0.48 

The  following  auxiliary  quantities  have  been  tabulated : 


Ao  =  Xo  sin  a—yo  cos  a 

^0  =  ^0  cos  a  sin  5+}'o  sin  a  sin  5— Zo  cos  8 


(13) 


We  can  then  derive 


kfJLi_ 

-A, 

=  e' 

T 

> 

kfi2_ 

-B,- 

=  e" 

TT 

^ 

(14) 


The  quantities  e'  and  e"  are  the  components  of  the  peculiar 
velocities  of  the  stars  on  two  axes  perpendicular  to  the  line  of  sight 
in  the  direction  of  increasing  right  ascension  and  declination. 

In  order  to  obtain  the  mean  absolute  magnitude  we  may  proceed 
in  the  following  way,  the  notation  being  the  same  as  in  the  discussion 
of  the  trigonometric  parallaxes: 


where 

T=IO°-^^ 

P 

Equations 

(14) 

may  then  be  written 

lokfiiP        ^           ,             10k  H2P 

Aq  —  e  , 

-B, 

=  e" 

(15) 


The  components  of  the  proper  motions  jui  and  /x^,  however,  are 
afi'ected  by  systematic  and  accidental  errors.  The  systematic 
corrections  given  by  Boss  in  his  Catalogue,  page  xxviii,  have  been 


22  ADAMS,  JOY,  STROMBERG,  AND  BURWELL 

applied.'     Denoting  the  accidental  errors  in  jUi  and  /i^  by  rj^  and  77^ 
we  can  write  equations  (15)  in  the  following  form: 

Ao<TT  art'  1 

B..r  .re"  f  ^''^ 

As  in  the  case  of  the  trigonometric  parallaxes,  we  shall  write  r 
in  the  form 


The  equations  of  conditions  are  then 

at'     aAoE^ 

„  ae"     aAoE 

where 

Aa     (i-\-hE')a 


x  = 


10^  10^ 


(17) 


The  first  terms  on  the  right-hand  side  of  these  equations  increase 
with  the  apparent  magnitude.  The  second  terms  are  usually  the 
largest,  while  the  existence  of  the  third  terms  tends  to  decrease 
the  weights  for  stars  farthest  from  the  apex  and  antapex.  In  order 
to  make  the  weights  more  uniform  we  have  in  the  case  of  the  distant 
stars  limited  ourselves  to  those  brighter  than  apparent  magnitude 
5.5.  At  the  same  time  this  limitation  decreases  the  effect  of  a 
selection  among  these  stars  according  to  proper  motion,  since 
nearly  all  can  be  assumed  to  be  selected  on  account  of  brightness 
alone.  In  order  to  reduce  the  effect  of  large  peculiar  motions  and 
large  accidental  errors  in  the  absolute  magnitudes,  we  have  collected 
the  equations  of  condition  (17)  into  a  few  groups  according  to  the 
size  of  ylo  and  Bo,  formed  means,  and  given  each  of  these  new 
equations  of  condition  a  weight  according  to  the  mmiber  of  stars. 

The  new  equations  of  condition  are  then 

^0^— MiP=o 

_      _  Weight  iV  (18) 

B0X—IJL2P  —  0  I 

'  The  Catalogue,  however,  gives  the  total  proper  motion  without  these  corrections. 
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When  X  has  been  found  from  the  solution  of  equations  (18) 
we  have 

cA  =  lo^x 
and  ,    V. 

The  mean  absolute  magnitude  M'  used  for  computing  the  most 
probable  parallaxes  can  then  be  obtained  by  adding  the  quantity 

5  log  ^  =  5  log. r +5  log  ^+5-10  log  1 
A 

to  the  mean  of  the  provisional  magnitudes  Mi,  a  provisional 
value  of  A  being  used. 

This  method  of  deriving  mean  absolute  magnitudes  from  the 
components  of  the  parallactic  motions  requires  less  computation 
than  that  based  upon  the  total  parallactic  motion.  It  is  similar 
to  that  used  by  Charlier  in  his  study  of  the  B  stars.^  The  systematic 
correction  to  the  absolute  magnitudes  due  to  the  errors  in  the 
estimates  of  the  latter  that  must  be  applied  in  order  to  obtain 
the  most  probable  parallaxes  (  —  10  log  A)  has  a  tendency  to  make 
the  parallaxes  smaller.  This  would  probably  account  for  the  differ- 
ence found  in  the  mean  parallax  of  the  B  stars  when  based  on  the 
one  hand  upon  the  assumption  of  equality  of  the  absolute  magni- 
tudes, and  on  the  other  directly  upon  the  proper  motions  (Kapteyn, 
Plummer,  Bergstrand,  and  others). 

c)  Peculiar  motion. — From  equations  (16),  limiting  ourselves 
to  terms  of  the  first  order  in  the  errors,  we  derive 

^MiP-^o  =  e'  -kr]^p+AoE\ 

)■  (20) 

where 

From  the  radial  velocities  corrected  for  the  sun's  motion  we 
can  compute  for  definite  groups  of  stars  the  average  radial  velocity 

'  Meddelanden  frdn  Lunds  Aslronomiska  Observaiorium,  Ser.  II,  No.  14. 


24  ADAMS,  JOY,  STROMBERG,  AND  BURWELL 

^^^^— -'.     This  quantity  can  be  supposed  to  be  nearly  identical  with 


n 

Sle'l       Sle 


or 


n  n 

Assuming  the  dispersion  in  e'  and  t"  to  be  considerably  larger 
than  in  the  other  terms  on  the  right-hand  sides  of  equations  (20), 
we  derive 


(21) 


where  y4«  and  B„  denote  the  average  numerical  values  of  A^  and  B^, 
7]i  and  77^  are  the  squares  of  the  mean  errors  in  the  measurements 
of  the  component  of  proper  motion,  )UaC0s5  and  ns,  and  «  is 
the  number  of  stars.  Since  the  results  from  the  peculiar  motions 
were  used  only  for  the  giant  M  stars  where  the  peculiar  velocities 
are  large,  it  was  found  that  the  second  terms  in  the  right-hand 
members  could  be  neglected.  Equations  (21)  then  reduce  to  the 
more  simple  form 

Sl^MxP--4ol=2!6' 


(22) 

The  average  radial  velocities  corrected  for  the  solar  motion, 
for  the  K  term,  and  for  the  effect  of  stream  motion  were  then 
computed  and  the  values  of  S|e'j  and  2|e"|  obtained  from  them. 
Equations  (22)  were  then  solved  by  assuming  approximate  values 
of  ^  and  computing  the  corrections  to  these  values.  The  results 
thus  obtained  were  nearly  the  same  as  those  found  from  computing 
geometrical  mean  parallaxes  from  the  r  and  i;  components  according 
to  the  method  dev-ised  in  Mount  Wilson  Contributions,  No.  144, 
page  7. 

REDUCTION  CURVES 

The  values  of  AM^  =  5  log  —  having  been  computed  for  groups 

A 

of  stars  of  different  spectral  types  and  absolute  magnitudes,  accord- 
ing to  formulae  (10),  (18),  and  (22),  the  sums  Mi+AM^  =  M'  were 
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properly  weighted  and  plotted  against  the  mean  intensities  of  the 
several  spectral  lines  used  in  the  determination.  When  the  cor- 
relation curves  were  computed,  a  continuous  change  of  absolute 
magnitude  with  line-intensity  and  with  spectral  type  was  found 


TABLE  I 


4077 
4072 

Fo 

F8 

421S 
4250 

F8 

G4 

Ko 

K4 

K8 

M 

+5.0 

+40 

+3.0 

4-2. 0 

+1.0 

0.0 

—  I.O 

—  2.0 

-2.9 
-1.4 
4-0.1 
+  1-7 
4-3-2 
4-4-8 
+6.4- 

-2.4 
-0.8 
4-0.6 
4-2.0 
4-3-8 

-f5-i 
4-6.1 

-1-7 
+0.4 
+  2.7 
+3-7 
+4-4 
+  5-2 
+6.1 
+6.9 

-0.6 
—0.2 

+0.3 
+  1.2 
+6.0 
+6.5 

+  7-2 

+  7-9 

-2.9 
-1.6 
-0.4 
+0.5 

+30 

+2.0 

+1.0 

-05 
+  I.I 
+  2.3 
+30 
+3-8 
+4-3 

-0.3 
+  1-5 
+2.4 
+3-3 
+4.3 
+5.0 

—  1 .0 

—  2.0 

+  7-2 

+8.2 
+9-4 

+  9-0 
+  11 .4 

4290 
4271 

Fo 

F8 

4454 
4461 

F8 

G4 

Ko 

K4 

K8 

M 

—  20       ... 

-2.7 
+  2.8 

+4-9 
+5-9 
+6.5 
+6.7 

0.0 

+  1.2 

+5-5 
+6.2 

+6.7 
+7-3 
+  7-7 

-1-2.0 

+1.0 

+0.5 
-|-2.0 

+  2.9 

+4-1 
+4.3 

+0.3 
+  1.6 

+  2.5 
+3-7 
+4.7 
+  5-0 

—  1.0 

0.0 

+  1.0 

-\-2    0       ... 

-1.6 
4-3-0 
+5-5 

—  I.I 

4-3-8 
+5-8 
+6.7 

+  7-1 
+7-7 
+8.3 
+8.8 
+9.1 

+    7-2 

—  20 

4-^0        ... 

+  7.8 

-I-A    0          .  . 

+8.4 

-l-c.o 

+9.0 

-H6.0 

+9-9 

+  7   0      . 

+  10.8 

+8.0 

+  11. 1 

4454 
4494 

F8 

G4 

Ko 

K4 

K8 

M 

0   0 

-30 
+2.4 
+5-4 
+6.5 

-0.4 
+4.0 

+5-5 
+6.2 

+6.5 

+0.4 
+  1.6 
+6.0 

+6.4 
+6.8 
+  7-2 

+  1.0 

+  2.0 

4-^.0. . . . . 

4-1.9 
-f-5-i 

+6.8 

+  7.3 
+  7-8 
+8.4 
+8.8 

+9-1 
+9-5 

+  A.O 

+   7-3 

4-c  0    

+   7-9 

4-6  0 

+  8.5 

4-70 

+  9.2 

4-8  0 

+  10.0 

4-0.0 

+  10.7 

4-100   . . . . 

+  11 .0 

1 

1 

except  in  the  case  of  stars  of  the  late  K  and  M  types,  where  the 
division  into  giants  and  dwarfs  caused  a  marked  discontinuity. 
The  scale  used  in  the  estimates  of  the  line-intensities  being  an  arbi- 
trary one,  different  reduction  tables  were  computed  for  the  three 
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observers,  Adams,  Joy,  and  Miss  Burwell.  An  abstract  of  the 
tables  for  Mr.  Adams'  scale  is  given  below.  The  differences  of 
intensity  for  the  pairs  of  lines  employed  are  given  under  their 
wave-lengths  and  the  corresponding  absolute  magnitudes  under 
the  successive  spectral  types. 

Among  the  giants  the  rate  of  change  of  absolute  magnitude 
with  line-intensity  is  very  large  in  the  case  of  the  line  4454,  and  for 
this  reason  the  two  estimates  of  this  line  whenever  made  have  been 
given  half-weight. 

PROBABLE  ERRORS  OF  THE  ABSOLUTE  MAGNITUDES 

A  determination  of  the  probable  errors  of  the  absolute  magni- 
tudes has  been  made  using  the  trigonometric  parallaxes  for  this 
purpose. 

Equation  (3)  can  be  written 

where  tt'  is  the  most  probable  spectroscopic  parallax. 

Calling  the  weights  of  the  trigonometric  parallaxes  p,  we  find 

2p7rl-nk'  ^  -^^ 

where  k  is  the  mean  error  of  a  parallax  of  weight  unity. 

If  a  star  has  been  measured  by  several  observers,  the  error  in 
the  trigonometric  parallax  becomes  smaller,  but  the  error  in  the 
spectroscopic  parallax  is  unaffected.  It  is,  therefore,  necessary 
in  some  way  to  equalize  the  weights  of  the  trigonometric  parallaxes, 
and  we  have  used  the  method  of  giving  all  stars  for  which  the 
weight  is  equal  to  i  or  larger  the  weight  unity,  omitting  all  paral- 
laxes of  smaller  weights.  As  before,  the  unit  of  weight  has  been 
assumed  to  be  such  as  would  correspond  to  an  external  probable 
error  of  =i=o'foio.  Calling  the  mean  error  of  the  absolute  magni- 
tudes d,  we  have 

6^  =  25  Mod^  E^  =  4.7i5£^ 

The  following  table  gives  the  values  of  the  probable  errors  r 
computed  by  this  method: 
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Spectrum 

M 

Number 

r 

Spectrum 

M 

Number 

r 

(<  2.0 

28 

±0.30 

[<  i.o 

42 

±0.51 

A-F4 

]  2 . 1  to  3 . 0 

31 

•58 

G5-G8.... 

-^  I .  I  to  5 . 0 

30 

•38 

i>3-o 

25 

.42 

i>5-i 

24 

•25 

Fs   F8 

/<3-5 
l>3-6 

38 

=^0.34 

f<  1.0 

59 

±0.32 

48 

■38 

G9-K4 .... 

1 1. 1  to  3.0 

1 3  . 1  to  6 . 0 

27 

•53 
.46 

<  40 

42 

±0.64 

>6.i 

38 

•,36 

F9-G4 

J4.1 to  5.0 

39 

.12 

l>  5-1 

18 

.46 

K5-K9.... 

/<  2.0 

l>7.5 

23 
25 

="=0.00 
.24 

M 

<30 
>  70 

33 
17 

=fco.oo 
.20 

When  the  probable  error  is  equal  to  0.00,  the  residuals  are 
smaller  than  those  due  exclusively  to  the  effect  of  a  probable  error 
=to''oio  in  the  trigonometric  parallaxes. 

For  the  sake  of  convenience  we  may  assume  a  probable  error 
in  the  absolute  magnitudes  of  ±0.40  throughout.  The  corre- 
sponding value  of  A  is  then 


2 


o.o2r 


0.455  Mod 


=  1-0373 


The  correction  which  must  be  applied  to  the  absolute  magnitudes 
M'  given  in  the  table,  in  order  to  convert  them  into  the  most  prob- 
able ones,  is  therefore  (equation  7) 

5  log  Z=  -fo.oS 

The  probable  errors  r'  of  the  spectroscopic  parallaxes  can  be 
computed  from  the  formula 

r 


If 

we  find 


5  Mod 

r  =  ±  o .  40 
r'=  ±0. 184  TT 


In  other  words,  the  probable  error  of  the  spectroscopic  parallaxes 
is  somewhat  below  20  per  cent  of  the  parallax  itself. 
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EFFECT   OF   SYSTEMATIC   ERRORS   IN   THE   TRIGONOMETRIC 
PARALLAXES 

Several  studies  of  the  systematic  difference  between  various 
series  of  trigonometric  parallaxes  have  been  made  recently.  A 
special  solution  has  been  undertaken,  applying  the  systematic  cor- 
rections derived  by  van  Maanen  and  Miss  Wolfe  {Mt.  Wilson 
Contr.,  No.  189)  for  reduction  to  a  mean  system.  The  most  impor- 
tant of  these  corrections  is  that  of  -|-o''oo27  to  the  Allegheny 
parallaxes/  which,  on  account  of  their  large  number  and  high 
weight,  has  a  tendency  to  make  the  spectroscopic  parallaxes  larger. 
The  effect  upon  the  absolute  magnitudes,  if  these  corrections  were 
applied  to  the  measured  parallaxes,  can  be  seen  from  the  following 
table: 

TABLE  III 


Spectrum 

A-F8 

F^G8 

G8-K4 

Ks-Kg 

M 

Giants 

Dwarfs 

+0.03 
+0.05 

+0.09 
+0.04 

+0.06 
+0.03 

0.00 
+  0.01 

+0.03 
+0-03 

The  spectroscopic  parallaxes  would  then  be  increased  by  a 
quantity  equal  to  (io°-  ^  -^'^  —  i) .  It  thus  appears  that  the  systematic 
effect  arising  from  this  source  is  very  small. 


COMPARISON  WITH  TRIGONOMETRIC  PARALLAXES 

A  direct  computation  of  the  difference,  spectroscopic  ininus 
trigonometric  parallax,  has  been  made  for  the  stars  whose  parallaxes 
have  been  determined  at  the  Allegheny,  McCormick,  Yerkes,  and 
Mount  Wilson  observatories.  The  algebraic  mean  difference, 
assigning  all  the  stars  the  same  weight,  is  given  in  the  third  column 
of  the  following  table,  while  the  weighted  mean  dift'erence  is  given 
in  the  fourth  column.  The  weights  are  here  based  upon  the  facts 
that  the  errors  in  the  spectroscopic  parallaxes  are  proportional  to 
the  parallaxes  themselves,  while  the  errors  in  the  trigonometric 

'The  correction  given  in  the  paper  cited  is  +©''0042,  which  is  a  mean  of  two 
determinations.  A  mean  reduction  to  absolute  parallax  of  +0*0035  ^^s  used,  while 
in  the  present  sj-stem  we  have  used  +©''005 ,  which  accounts  for  the  difference. 
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parallaxes  are  independent  of  this.     The  quantity  S'  is  computed 
from  the  equations  of  condition 

S'  =  t'—Tq,     weight 


€?+£V^ 


where  the  errors  in  the  trigonometric  parallaxes  and  the  absolute 
magnitudes  are  based  upon  the  probable  errors  ^oToio  and  =^=0.4, 
respectively.     We  have  then 


e|  =  o. 00022,  £^  =  0.0746 
TABLE  IV 


Number 

Not  Weighted 
5 

Weighted 

Allegheny 

McCormick 

296 

209 

98 

79 

+0^0018 

—  0.0008 
+0.0019 

—  0.0030 

+oToo3i±oTooo7 
+0.0020^0.0010 

Yerkes 

+0.0016*0.0015 

Mount  Wilson 

—  0.0032*0.0011 

682 

+orooo5 

It  is  to  be  noted  that  in  computing  the  reduction  tables  the 
larger  parallaxes  have  the  highest  weights,  so  that  we  cannot 
expect  5  and  still  less  S'  to  become  zero  when  all  the  stars  are 
taken  together. 

The  weighted  means  5'  can  be  supposed  to  represent  the  sys- 
tematic corrections  to  the  trigonometric  parallaxes,  if  these  correc- 
tions can  be  regarded  as  constant.  They  agree  well  with  those 
found  by  van  Maanen  and  Miss  Wolfe  except  in  the  case  of  the 
McCormick  parallaxes.  The  difference  between  the  weighted 
mean  5'  and  the  unweighted  mean  5  shows  a  dependence  upon  the 
size  of  the  parallax,  which  can  hardly  be  due  to  the  spectroscopic 
parallaxes,  since  for  the  other  series  of  results  the  values  of  5  and  S' 
are  very  nearly  the  same.  A  direct  comparison  between  parallaxes 
of  the  same  stars  measured  at  the  four  observatories  shows  that  the 
correction  to  the  McCormick  parallaxes  seemingly  depends  upon 
the  apparent  magnitude,  so  that  the  unweighted  mean  probably 
gives  a  more  reliable  value  for  the  systematic  correction  for  these 
stars  in  general. 


30 


ADAMS,  JOY,  STROMBERG,  AND  BURWELL 


THE  CEPHEIDS  AND  PSEUDO-CEPHEIDS 

The  absolute  magnitudes  of  the  Cepheid  variables  and  the  stars 
with  similar  spectra,  which  for  convenience  we  may  call  Pseudo- 
Cepheids,  have  been  computed  from  the  parallactic  motions  alone, 
the  trigonometric  parallaxes  being  too  small  to  furnish  reliable 
data  for  this  purpose.  These  two  classes  of  stars  have  been  reduced 
with  the  same  tables,  as  it  was  found  that  their  mean  absolute 
magnitudes  were  about  the  same. 

If  the  absolute  magnitudes  of  the  Cepheids  are  plotted  against 
o.2w+log  n,  a  marked  correlation  between  these  quantities  can 
be  found. 

TAURUS   GROUP 

A  comparison  of  the  spectroscopic  parallaxes  of  the  stars 
belonging  to  the  Taurus  group  with  the  parallaxes  of  these  stars 
as  measured  by  Boss^  and  Kapteyn^  was  made  and  the  results  are 
given  in  the  following  table: 

TABLE  V 


Spectrum 

M 

Number* 

ffo 

A2f 

A8-F2 

F5-G0 

G5-K2 

G7-G9 

1 . 6  to  2 . 5 

3.7  to  4. 1 
4-5  to5.5 
0 . 4  to  I  .  4 

7 
7 
4 
4 

o''oi7 
.020 
.022 
.025 

oro2s 
.024 
.023 
.025 

+of86 

+0.45 
+0.12 
-0.03 

*  Several  of  the  stars  used  here  are  not  given  in  the  main  table,  as  in  some  cases  only  one  spectro- 
gram has  been  secured. 


The  large  positive  correction  to  the  absolute  magnitudes  for 
the  F-t>pe  stars  cannot  be  reconciled  with  the  great  number  of 
large  trigonometric  parallaxes  for  the  stars  of  this  type  in  general. 
Most  of  the  F-t}T3e  stars  belonging  to  the  Taurus  group,  however, 
show  very  hazy  lines  which  are  difficult  of  estimation,  and  for  this 
reason  these  stars  can  probably  not  be  regarded  as  representative 
of  the  F  stars  in  general. 

'^  Astronomical  Journal,  No.  604,  1908. 
^  Groningen  Publications,  No.  23,  1909. 


I 

I 


PARALLAXES  OF  1646  STARS 


31 


COMPARISON  WITH  RESULTS  FOR  FIVE  HUNDRED  STARS 

The  absolute  magnitudes  of  the  stars  contained  in  the  list  of 
500  published  in  1917'  were  subject  to  errors  due  mainly  to  three 
causes:  (i)  the  insufl&ciency  of  the  trigonometric  parallax  material 
upon  which  the  reduction  curves  were  based;  (2)  the  resulting 
necessity  for  grouping  into  too  large  divisions  of  spectral  type; 
(3)  the  uncertainty  in  the  reduction  of  the  Cepheid  variables. 

The  discussion  of  the  method  of  reduction  used  for  the  stars 
contained  in  this  list  shows  how  great  an  improvement  has  been 
effected  as  regards  the  first  two  of  these  factors.  A  completely 
different  system  of  reduction  has  been  used  for  the  Cepheid  vari- 
ables and  stars  having  a  similar  type  of  spectrum.  These  were 
treated  under  the  normal  spectral  types  in  the  list  of  500  stars, 
while  in  the  present  discussion  they  have  been  reduced  independ- 
ently as  a  special  class.  This  has  resulted  in  a  large  systematic 
difference  compared  with  the  earlier  values,  the  present  absolute 
magnitudes  being  considerably  brighter. 

TABLE  VI 

DlTFERENCES  IN  M,   I920  SYSTEM  mitlUS  5OO  StARS 


M<3.o 

M=3. 0  —  5.0 

M>s.o 

Number 

Difference 

Number 

Difference 

Number 

Difference 

A-F8.. .. 
F9-G8.  .. 
G9-K4... 
K5-K9... 
M 

23 
51 

78 
ro 
29 
14 

191 

—  0.46 

—  0.30 
+0.08 

—  1. 01 

—  1. 12 
-2.9 

-0.32 

77 
51 
12 

-0.54 
-0.05 
+0.83 

I 
41 
64 
29 
15 

-03 

—  0.20 

—  0. 12 

—  0.07 

—  0. 10 

Cepheids . 
All  types 

except 

Cepheids 

140 

—  0.24 

150 

-0.13 

The  summary  above  gives  the  results  of  a  comparison  for 
495  stars  common  to  the  two  lists,  the  differences  given  being  the 
corrections  necessary  to  apply  to  the  stars  in  the  list  of  500  in  order 
to  reduce  their  absolute  magnitudes  to  the  present  system.  As 
would  be  expected,  the  corrections  for  the  fainter  stars  are  consid- 
erably smaller  than  those  for  the  brighter. 

^  Mt.  Wilson  Contr.,  No.  142;  Astrophyskal  Journal,  46,  313,  1917. 
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METHOD  OF  ESTIMATION  OF  INTENSITIES 

A  brief  description  of  the  method  of  classifying  the  spectra  and 
of  estimating  the  intensities  of  the  spectral  lines  used  in  the  deter- 
mination of  the  absolute  magnitudes  will  perhaps  be  of  value. 

The  spectrograms  are  examined  under  a  Hartmann  spectro- 
comparator  and  the  hydrogen  lines  are  first  compared  with  the 
neighboring  lines  XX  4326,  4352,  and  4405  in  the  case  of  H7,  and 
XX  4872  and  4957  in  the  case  of  H/3.  From  the  relative  intensities 
of  these  pairs  of  lines,  with  the  aid  of  a  reduction  table  based  upon 
standard  spectra,  the  "measured"  type  of  spectrum  is  determined. 
In  the  case  of  spectra  between  Fo  and  Go  comparisons  are  also 
made  with  XX  4227  and  4384,  while  Hj8  is  omitted. 

Estimations  of  the  spectral  type  are  made  from  direct  compari- 
sons with  typical  spectra  selected  from  the  Harvard  list.  The 
spectra  of  three  stars  having  the  types  Fo,  F5,  and  Go  have  been 
photographed  upon  one  standard  plate,  and  those  of  three  other 
stars  with  spectra  G5,  Ko,  and  K5  upon  another  plate.  These 
spectra  are  placed  under  the  second  microscope  of  the  spectro- 
comparator  and  are  brought  side  by  side  with  that  of  the  star  to 
be  classified.  Values  intermediate  between  those  of  the  typical 
stars  are  estimated  from  comparison  with  the  stars  having  spectra 
on  either  side,  especial  consideration  being  given  to  the  calcium  line 
X  4227  and  the  chromium  lines  XX  4255  and  4275,  which  vary  rapidly 
with  spectral  type  and  form  a  valuable  criterion.  It  is  probable 
that  all  three  of  these  lines  vary  to  some  extent  with  absolute 
magnitude,  but  the  effect  seems  to  be  slight  except  in  extreme 
cases  hke  the  Cepheid  variables. 

The  estimations  of  the  relative  intensities  of  the  pairs  of  lines 
for  determinations  of  absolute  magnitude  are  made  in  the  same 
way  as  those  of  the  hydrogen  lines.  In  stars  of  types  A  to  F7  the 
lines  compared  are  ||^f  and  |fff.  In  types  F8  to  G,  the  three 
pairs  |fJ-|,  nil,  and  ||||-  have  been  added,  and  these  have  been 
used  exclusively  for  later  types  of  spectra  except  the  M-type  giants. 
The  latter  and  the  Cepheid  variables  have  been  treated  separately. 
For  the  M-type  giants  the  intensities  of  the  lines  XX  4077  and  4215 
have  been  compared  directly  with  those  in  the  spectra  of  the  stars 
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/3  Andromedae  and  fx  Geminorum.  In  the  case  of  the  Cepheids 
the  pairs  of  Hnes  have  been  i^^i^  ifiw>  and  |fff>  a  special  table 
being  used  for  reduction  purposes. 

DESCRIPTION  OF  CATALOGUE 

In  the  extensive  table  which  follows,  the  successive  columns 
contain  the  following  data  for  each  star: 

Column  I.  Number  in  Boss  P.G.C.  or  in  Cincinnati  Publication,  No.  18. 

2.  Name  of  star,  double  stars  being  assigned  the  number  in  Burnham's 
General  Catalogue  in  case  they  have  no  Greek  letter  or  Flamsteed 
number. 
3  and  4.  Right  ascension  and  declination  for  1900. 

5.  The  magnitudes  from  the  revised  Draper  Catalogue  are  used  for 
stars  within  the  first  twelve  hours  of  right  ascension.  In  the  case 
of  faint  B.D.  stars  the  B.D.  magnitude  has  been  corrected  in 
accordance  with  the  values  given  in  H.A.,  72,  214.  In  the  case  of 
double  stars  and  spectroscopic  binaries,  the  magnitude  of  the 
brighter  component  has  been  calculated  from  the  combined  magni- 
tude in  accordance  with  the  relative  intensities  of  the  two 
components. 

6.  Total  proper  motion  taken  from  Boss's  P.G.C.  or  Cin.  18  when  given. 

7.  Estimated  Mount  Wilson  spectrum. 

8.  Spectrum  as  determined  from  the  intensities  of  the  hydrogen  lines. 

9.  Absolute  magnitude  M'  calculated  from  the  line-intensities. 

10.  Parallax  corresponding  to  M'. 

11.  Weighted  trigonometric  parallax. 

12.  Authority  for  the  trigonometric  parallax.  The  following  are  the 
principal  abbreviations  used:  A,  Allegheny;  Ab,  Abetti;  C,  Cape; 
D,  Dearborn;  F,  Flint;  G,  Greenwich;  J,  Jewdokimow;  Jo,  Jost; 
K,  Kapteyn;  Kos,  Kostinsky;  M,  McCormick;  R,  Russell;  Ram, 
Rambaut;   S,  Sproul;   W,  Mount  Wilson;   Y,  Yale;   Ye,  Yerkes. 

The  significance  of  the  symbols  occurring  in  the  catalogue  is 
as  follows: 

*  See  note  at  end  of  table. 

t  Magnitude  corrected  to  the  brighter  component  of  the  double  star  or  spec- 
troscopic binary. 
X  Unpublished  proper  motion  by  Kapteyn. 
§  Cepheid  or  Pseudo-Cepheid  reduced  by  special  curves. 
II  Unpublished  proper  motion  by  Roy. 
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94  ADAMS,  JOY,  STROMBERG,  AND  BURWELL 

NOTES 

SX  Cassiopeiae.  Period  36 . 5  days.  Enhanced  line  spectrum  similar  to  a  Cygni. 
Hydrogen  lines  H/3  and  H7  have  bright  edges. 

A.G.  Bonn  4686.     Proper  motion  from  Groombridge. 

Boss  1622.     Estimates  made  from  plates  lent  by  the  Lick  Observator3\ 

Bu.  3474.     Proper  motion  by  Batterman. 

Comp.  a  Geminorum.  Bu.  4122C,  distant  72".  A  spectroscopic  binary  having 
bright  hydrogen  lines. 

Lai.  15389.     Proper  motion  by  Bossert. 

S  Antliae.  Short- period  variable.  Period  =0^32.  Spectrum  lines  extremely 
poor,  probably  indicating  rapid  rotation.     Secondary  component  suspected. 

W  Ursae  Majoris.  Algol  variable.  Period  8  hours.  Both  spectral  components 
show.     Lines  very  wide  due  to  rapid  rotation  of  the  two  stars. 

Boss  2830.  A  close  visual  and  spectroscopic  binary.  Estimates  made  from 
plates  taken  by  Sanford  at  the  Mills  Station  of  the  Lick  Observatory. 

Boss  3735-     Estimates  from  plates  lent  by  the  Lick  Observatory. 

Bu.  7001.     Proper  motion  from  Greenwich. 

Boss  3846.     Spectrum  lines  very  poor,  resembling  those  of  W  Ursae  Majoris. 

Bu.  8068A.     Proper  motion  from  Porter. 

7:1917  Serpentis.  Peculiar  variable  discovered  by  Wolf  and  Barnard.  H/3 
bright. 

W  Serpentis.     Spectrum  shows  doubly  reversed  bright  hydrogen  lines. 

Bu.  9401  Br.     Proper  motion  from  A.G.  Berlin. 

Bu.  9569.     Proper  motion  from  Auwers. 

Bu.  10504  Br.  and  Ft.     Proper  motion  from  A.G.  Berlin. 

Mount  Wilson  Observatory 
October  1920 
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THE  SPECTROSCOPIC  ORBIT  OF  THE  CEPHEID 
VARIABLE  X  CYGNI' 

By  JOHN  C.  DUNCAN 

ABSTRACT 

Cepheid  variable  X  Cygni. — A  brief  summary  of  previous  observations  relating 
to  this  variable  is  given.  From  twenty-three  spectrograms  made  at  Mount  Wilson 
with  the  6o-inch  reflector  and  single-prism  spectrograph,  the  dements  of  the  spectro- 
scopic orbit  have  been  computed.  The  values  of  K  (28 km/sec),  of  a  sin  i{6, 1 2 1,000  km), 
and  of  the  mass-function  (o .  034)  are  remarkably  large.  The  probable  error  for  a 
plate  is  large  in  comparison  with  the  deviations  in  the  measures  of  a  single  plate 
made  by  different  observers;  but  there  is  no  evidence  of  a  secondary  oscillation. 

The  variable  star  X  Cygni  (a  =  20^39°'5,  5  =  +35°i4';  1900.0) 
was  discovered  by  S.  C.  Chandler^  in  1886.  Of  a  number  of  published 
determinations  of  its  photometric  elements,  the  best  is  probably 
that  of  M.  Luizet,^  which  is  based  on  observations  covering  554 
periods  and  made  by  eight  different  observers.  Luizet  gives  as 
the  time  of  maximum  brightness 

J.D.  2410190.684  (Paris  M.T.)  +  i6'i38s43  E, 

and  finds  that,  though  the  maxima  and  minima  are  repeated  with 
regularity,  the  amount  of  the  change  of  light  is  not  constant, 
the  magnitude  at  maximum  ranging  from  6.5  to  6.2,  and  at 
minimum  from  7.4  to  7.2.  Secondary  oscillations  appear  in  both 
the  rising  and  the  falling  branches  of  the  curve.  The  duration 
of  the  increase  of  light  is  6*?!. 

The  spectrum  as  classified  at  the  Harvard  Observatory  is  F5, 
peculiar.  Like  other  Cepheids,  the  star  is  bluer  and  has  stronger 
hydrogen  lines  at  maximum  brilliancy  than  at  minimum.  The 
variation  in  the  radial  velocity  was  discovered  by  Frost.^ 

Table  I  gives  a  list  of  the  spectrograms  of  X  Cygni  taken  at 
the  Mount  Wilson  Observatory.  They  were  made  by  ^Messrs. 
Adams,  Joy,  Stromberg,  Sanford,  Merrill,  and  Duncan,  with  the 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  196. 

'  Astronomical  Journal,  7,  32,  1886. 

^  Astronomische  Nachrichten,  193,  83,  191 2. 

t  Astrophysical  Journal,  25,  60,  1907. 
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6o-iiich  reflector  and  single-prism  spectrograph,  using  the  1 8-inch 
camera.  All  were  measured  by  Miss  Brayton  and  Mr.  Duncan, 
and  some  also  by  Miss  Burwell  and  Messrs.  Adams,  Joy,  Stromberg, 
and  Sanford.  No  systematic  differences  in  the  measures  were 
found,  and  the  column  headed  "Velocity''  gives  the  mean  results, 
reduced  to  the  siin.  The  Greenwich  mean  time  given  in  Table  I 
refers  to  the  middle  of  the  exposure.  The  phase  is  the  number  of 
days  after  maximum  light  according  to  the  elements  of  Luizet. 

TABLE  I 


Number 

Plate 
Number 

Date 

G.M.T. 

J.D.,  G.M.T. 

Phase 

Velocity 

0-C 

of 
Measures 

km/sec. 

km /sec. 

6353- • 

191 7  Nov. 

3 

ib^os'^ 

242   1536.669 

7-^273 

+  16.2 

—  2.  2 

6 

6358.. 

4 

18  05 

1537-754 

8.358 

4-24.2 

-0.8 

5 

7213- • 

1918  Aug. 

17 

22  31 

1823.939 

15-991 

-14.8 

-0.9 

4 

8261.. 

1919  June 

8 

22  05 

2118.920 

16.034 

-17.4 

-1-0.2 

2 

8329- ■ 

July 

3 

22  01 

2143.918 

8.261 

-^26. 2 

+  2.0 

2 

8336.. 

S 

21   12 

2145.884 

10.227 

+  40.4 

-j-6.6 

2 

8341 . . 

7 

22  15 

2147.927 

12.270 

+  31-0 

-3-0 

2 

8348.. 

8 

22  49 

2148.951 

13-294 

+  27-7 

+  2-5 

2 

8357- ■ 

10 

20  57 

2150.858 

15.201 

-   6.6 

-0.4 

3 

8363.. 

II 

20  39 

2151 .861 

16.302 

—  23.0 

0.0 

2 

8370.. 

12 

20  10 

2152.841 

0.798 

-17.4 

4-2.6 

2 

8375- ■ 

13 

19  46 

2153.824 

1. 781 

-16.6 

+0.6 

2 

8387.. 

14 

22  16 

2154.928 

2.885 

-    7-2 

+3-8 

2 

8400. . 

15 

22  03 

2155-919 

3.876 

-   6.0 

-1-5 

2 

8412. . 

17 

18  50 

2157.868 

5-825 

+  5.0 

-3-9 

3 

8436.. 

19 

18  13 

2159-843 

7.800 

-I-20.0 

-1-7 

2 

8478.. 

Aug. 

6 

21   14 

2177.885 

9-457 

+34-2 

+3-5 

2 

8482 . . 

7 

18  46 

2178.782 

10.354 

-^38. 6 

+4-4 

2 

8522.. 

10 

19  59 

2181.832 

13 ■ 4P4 

+  23.7 

—  0. 1 

2 

8523-- 

10 

21   II 

2181.883 

13-455 

+  19-4 

-4-5 

2 

8545- ■ 

II 

20  50 

2182.868 

14.440 

+  14-4 

+  7-3 

2 

8689 .  . 

Sept. 

10 

15  55 

2212.663 

11.465 

+33-6 

-2-5 

2 

8692. . 

10 

20  45 

2212.865 

II .667 

+32.0 

-3-6 

2 

Preliminary  elements  were  derived  by  the  method  of  Lehmann- 
Filhes.  As  no  planimeter  was  available,  the  necessary  areas  were 
determined  by  tracing  the  velocity-curve  on  thin  paper,  cutting 
out  the  areas,  and  weighing  them  on  a  chemical  balance.  Luizet 's 
photometric  period  was  assumed  as  the  orbital  period,  and  there 
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appeared  no  good  reason  for  changing  it.     The  preliminary  elements 

are: 

K  =  22>.o  km/sec. 

c<;  =  iio° 

g  =  0.25 

T=is^o  after  light  maximum 
7  =  +9  -5  km/ sec. 

A   least-squares   solution   was  based   on   these   elements,    the 
observations  being  given  equal  weight  and  grouped  to  form  eighteen 
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Fig.  I. — \"elocity-curve  of  X  Cygni.  Abscissae  are  intervals  after  maximum 
light;  the  radius  of  the  circles  representing  the  observations  is  equal  to  the  probable 
error  of  a  single  plate. 

normal  places.     The  period  was  not  included  in  this   solution. 
The  following  elements  were  thus  obtained: 

i!C  =  28.o3±o.73  km/sec. 

w  =98?2±i4?9 

e  =0.246=1=0.027 

r=i4S-57=^ods23 

7  =+9.32  km/sec. 
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By  the  least-squares  adjustment  the  sum  of  the  squares  of  the 
residuals  was  reduced  but  slightly,  from  78.07  to  76.24. 

As  CO  and  T  were  the  only  elements  greatly  changed,  and  as 
they  showed  the  greatest  probable  errors,  a  second  solution  was 
made  with  these  as  the  only  variables.     The  results  were 

a,=ioi?i±4?3, 

The  sum  of  the  squares  of  the  residuals  was  again  slightly  reduced, 
this  time  to  75.22.  The  finally  adopted  elements,  from  which  the 
residuals  given  in  Table  I  and  the  velocity-curve  shown  in  Figure  i 
were  computed,  are: 

P  =  16^38543 
K=28  .OT,  km/sec. 

w  =IOI?I 

e  =0.246 

T  =  14^685  after  light  maximum 
7  =+9.32  km/sec. 
a  sin  i  =  6, 1 2 1,000  kilometers 
ml  sin^  i 

Maximum  negative  velocity  occurs  0^7  after  maximum  brightness 
Maximum  positive  velocity  occurs  i^i  after  minimum  brightness 

The  values  of  K,  a  sin  i,  and  the  mass  function  are  considerably 
larger  than  in  the  case  of  any  other  Cepheid  which  has  been  spec- 
troscopically  investigated.  The  probable  error  of  a  single  plate, 
computed  from  the  residuals  in  Table  I,  is  =^2.44  km/sec,  a 
value  much  larger  than  the  good  agreement  of  the  different  measures 
on  each  plate  might  have  led  one  to  expect.  There  seems,  however, 
to  be  no  good  evidence  of  a  secondary  oscillation  in  a  period  com- 
mensurate with  that  of  the  principal  one. 

Mount  Wilson  Observatory 

August  IQ20 


PROVISIONAL  ELEMENTS  OF  THE  ECLIPSING  SYSTEM 
RS  CANUM  VENATICORUM 

By  BANCROFT  WALKER  SITTERLY 

ABSTRACT 

Eclipsing  binary  RS  Canuni  Venaticorum. — Provisional  elements  for  this  system, 
B.D.+36?2344,  have  been  computed  on  the  basis  of  a  series  of  observations  made  by 
Maggini  in  1916.  The  light-curv-e  (Fig.  i)  shows  extremely  long  minima  which 
together  take  four-ninths  of  the  whole  period.  The  two  giant  stars  apparently  touch 
at  periastron;  they  are  elongated  toward  each  other;  and  move  in  an  orbit  with  an 
eccentricity  of  o.  17.  The  eclipses  are  either  total  or  annular.  The  probable  distance 
is  1200  light-years. 

This  discussion  is  based  upon  a  series  of  observations  made 
by  Maggini  upon  the  star  B.D.+36°2344  by  the  Argelander 
method,  and  pubhshed  by  him  in  Volume  34  of  the  Publications 
of  the  Arcetri  Observatory,  Florence,  in  1916.  Although  these 
observations  do  not  define  the  star's  light-curve  with  suificient 
exactness  to  warrant  great  confidence  in  the  elements  obtained 
from  it,  the  curve's  form  is  so  unusual  in  some  respects  that  it  was 
considered  worth  while  to  attempt  a  solution.  The  methods 
followed  were  those  of  Russell  and  Shapley,  described  in  their 
contributions  to  the  Astrophysical  Journal  in  191 2  and  1913. 

The  striking  features  of  the  curve's  form  are:  (i)  minima  of 
extremely  long  duration,  in  proportion  to  the  length  of  the  period, 
indicating  that  the  stars  are  very  close  together;  (2)  a  noticeable 
difference  in  the  durations  of  the  minima,  suggesting  a  considerable 
ellipticity  in  the  orbit;  (3)  a  sharply  bowed  form  of  the  curve 
between  eclipses,  denoting  that  the  stars  are  elongated  toward 
one  another.  The  depths  of  the  minima  are  also  noteworthy, 
especially  that  of  the  secondary;  they  show  that  the  stars  are  not 
very  different  in  size  and  that  they  eclipse  one  another  nearly 
totally. 

The  first  step  in  the  solution  was  to  group  Maggini's  observa- 
tions, which  were  means  of  five  Argelander  estimates  each,  and 
rather  unequally  spaced,  into  convenient  normals.     In  most  cases 
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Maggini's  observations  were  paired,  but  a  few  were  taken  by  threes 
and  a  few  singly.  Then  the  curve  was  "rectified,"  removing  the 
effect  of  the  elliptic  figure  of  the  stars,  in  the  usual  manner.  The 
eccentricity  of  figure  came  out  more  than  three-tenths,  a  value 
somewhat  above  the  average.  But  the  ''rectified"  curve  was  still 
not  a  horizontal  straight  line  outside  eclipses,  as  expected,  but 
showed  a  brightening  of  the  system  toward  primary  minimum. 
Since  the  secondary  minimum,  though  its  middle  point  did  not 
seem  much  displaced,  was  seen  to  last  five  hours  longer  than  the 
primary  (indicating  a  considerably  eccentric  orbit  with  periastron 
near  the  point  of  primary  eclipse),  this  brightening  was  considered 
a  heating  effect  caused  by  the  approach  of  the  stars  to  one  another 
at  periastron,  and  its  effect  was  taken  out  of  the  curve  by  applying 
a  correction  Lm  =  a  cozd  +  h  sin^;  setting  a  =0.05  and  h  =  o  gave 
a  satisfactory  correction. 

It  was  now  found  by  trial  that  by  advancing  the  epoch  of 
primary  minimum  by  0*^0074  and  retarding  the  secondary  epoch 
by  0^0223,  the  curve  might  be  improved.  This  gave  at  once  a 
value  for  the  transverse  component  of  the  eccentricity  of  the  orbit : 
e  cos  CO  =  0.02  ;  the  determination  is  not  very  exact,  for  the  sec- 
ondary minimum  is  not  well  defined  by  the  observations.  The 
line-of-sight  component  is  given  by  the  ratio  of  the  durations  of  the 
minima;  after  several  trials  the  value  e  sin  a;  =0.167  appeared  to 
fit  the  two  curves  best,  but  this  is  even  less  accurately  determined 
than  e  cos  co.    The  two  values  combined  gave  e  =  o .  1 7,  co  =  nearly  85°. 

Next,  an  approximation  to  the  elements,  from  the  shape  of  the 
primary  minimum  and  the  depths  of  both  minima,  was  tried  in  the 
usual  manner  on  the  hjpothesis  of  uniformly  illuminated  disks. 
It  appeared  at  once  from  the  steepness  of  the  curve  that  the  eclipses 
must  be  total  or  annular;  in  fact,  the  assumption  that  the  orbit  is 
exactly  edge-on  to  our  line  of  sight,  so  that  the  stars  eclipse  each 
other  centrally,  gave  most  satisfactory  results.  A  preliminary 
solution  made  the  fainter  star  two-thirds  as  bright  as  the  other 
and  one-fourth  larger,  the  primary  eclipse  being  total  and  the 
secondary  annular.  But  the  sum  of  the  radii  of  the  stars  came  out 
greater  than  the  radius  of  the  orbit,  that  is,  the  stars  were  in  contact 
— a  result  difi&cult  to  reconcile  with  the  form  of  the  curve,  but 
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demanded  by  the  great  duration  of  the  minima.  The  two  minima 
together  occupy  45  per  cent  of  the  whole  period. 

Here  we  had  a  curious  assembly  of  data.  If  the  system  were 
really  two  separate  stars,  the  sum  of  the  radii  could  not  be  greater 
than  the  periastron  distance  of  centers  in  the  orbit,  but  it  could 
not  be  much  less  than  this  and  even  approximately  fit  the  curves 
of  minima.  The  hypothesis  of  central  transit  was  necessitated 
by  the  form  of  the  curve  at  primary  minimum,  which  also 
determined  the  ratio  of  radii  and  proportionate  luminosity  of  the 
two  stars  within  narrow  limits.  It  was  therefore  decided  to  assume 
elements  in  accordance  with  these  data  and  compute  a  light-curve 
to  fit  them;  then  to  compare  this  with  the  observations,  and  if 
necessary  to  repeat  the  process  several  times.  Since  the  stars 
eclipsed  one  another  centrally,  it  was  a  simple  matter  directly  to 
compute  the  percentage  of  eclipse  at  any  instant  by  means  of  the 
/>-functions  of  Russell's  method,  even  for  the  combination  of 
"darkened"  disks,  eccentric  orbit,  and  elliptic  stars,  which  com- 
bination would  present  considerable  complication  if  attacked  as 
usual  from  the  other  end.  Accordingly,  for  various  percentages 
of  obscuration  during  each  eclipse,  the  distance  of  the  centers  of 
the  stars  was  computed  by  the  formula: 

distance  of  centers  =  ai  (i-i-pk), 

where  a^  is  the  longest  radius  of  the  larger  star,  k  the  ratio 
of  the  stars'  radii,  and  p  a  function  of  k  and  the  percentage  of 
obscuration,  tabulated  by  Russell  and  Shapley.  ^i  and  k  were 
assumed  as  above  stated.  A  curve  was  drawn  for  each  minimum 
analogous  to  a  light-curve,  but  with  the  loss  of  light  plotted  against 
the  distance  of  centers  instead  of  agamst  the  phase.  To  compare 
the  observations  with  this  curve  the  distance  of  the  centers  of  the 
stars  for  the  time  of  each  normal  was  computed  by  the  formula: 
[r  cos  {v-\-o))]  \i—z  cos^  6]~^,  in  which  r,  the  radius  vector  of  the 
orbit,  and  v,  the  true  anomaly,  were  computed  from  the  previously 
chosen  values  e  =  o.  17,  00  =  85'',  while  the  second  factor  is  Russell's 
function  to  remove  the  effect  of  the  ellipticity  of  the  stars.  This 
quantity,  together  with  the  observed  loss  of  light,  having  been 
found    for    each    normal,    the    normals    were    plotted    with   the 
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quasi- light-curve  above  mentioned  and  residuals  directly  read  oft". 
A  few  trials  in  this  manner  gave  curves  on  both  the  "uniform"' 
and  "darkened"  h>'potheses. 


TABLE  I 
Residuals 


Nonnal 


2 
3 
4 
5 

6 

7 
8 

9 
lo 

II 

12 

13 
14 
15 

i6 
17 
i8 
19 

20 


Weight 


0-C 
Uniform    Darkened 


-[-o^Oi  —  o¥oi 

-I-0.02  -|-o.o8 

o.oo  -|-o.o6 

-Ho. 03  4-0.09 

-Ho. 03  -Ho. 09 

-Ho. 04  -Ho. 10 

0.00  -Ho. 06 

—  o.oi  -Ho. 04 
—0.04  -Ho. 01 

—  0.04  —O.OI 

—  0.07  —0.05 

—  O.OI  —O.OI 

-Ho. 01 

-Ho. 01 

0.00 

—  0.02  —0.02 
-Ho. 02  -Ho. 02 
-Ho.  06  -Ho.  07 
-Ho. 02  — o.oi 
-I-0.05  -Ho. 02 


Normal 


22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 


Weight 


0-C 

Uniform    Darkened 


-Ho¥o4     -Ho^OI 

-Ho.  07  -Ho.  04 

-Ho.  04  -Ho.  04 

-Ho. 01  -Ho. 01 

—0.05  -0.05 

-Ho. 02 

0.00 

0.00 

—  0.05 

-Ho. 02    4-0.02 

—  0.04       —O.OI 

—  O  .  1 1      —  o .  06 

—0.04  -Ho. 02 
4-0.08  -H0.I3 
4-0.07     4-0.11 

—0.03  4-0.03 

—  o . 08  o . 00 

—  0.17  —0.14 

—  o .  08  —  O  .  1 1 
4-0.01  —0.03 


Probable  error  of  one  normal  of  unit  weight 


J  on  "uniform"    assumption,  0^04952 
\  on  "darkened"  assumption,  0^05577 


Like  the  majority  of  ecHpsing  binaries,  this  system  seems  to 
have  the  brighter  star  the  smaller,  according  to  the  "uniform" 
solution,  but  the  larger  by  the  "darkened"  solution.  The  "uni- 
form" curve,  it  may  noted,  fits  a  trifle  better  than  the 
"darkened."  These  solutions,  though  each  deviates  considerably 
from  the  observed  normals,  represent  them  as  closely  as  might  be 
done  without  allowing  the  stars  actually  to  coalesce.  By  the  "uni- 
form" solution,  the  stars  just  touch  at  periastron;  by  the  "dark- 
ened" they  are  separated  at  that  point  by  0.003  o^  the 
major  axis  of  the  orbit.  Neither  supposition  seems  quite  com- 
patible with  a  stable  system,  but  any  diminishing  of  the  stars' 
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radii  leads  to  much  increased  deviation  from  the  observational 
curve.  More  accurate  observations  might  clear  up  the  diiSculty 
here,  and  seem  very  desirable,  since  the  system  appears  to  represent 
a  very  interesting  stage  in  the  evolution  of  binaries.  A  spectro- 
scopic study  would  also  shed  much  light  on  the  true  condition  of 
the  system,  and  seems  perfectly  feasible,  since  the  maximum 
brightness  is  about  y^Q. 

TABLE  II 

Elements 


Element 


Ratio  of  radii  of  stars 

c.      ■        ■         ■      c  I  brisfhter  star 
Semi-majoraxisof  (f^j^^^^^^^j. 

o      •      •  ■      c  1  brighter  star 

Semi-mmoraxisof  (f^j^^^^g^^^^^ 


Eccentricity  of  meridian  section  of  stars 

Inclination  of  orbit 

Eccentricity  of  orbit 

Longitude  of  periastron 

Primarv'  eclipse 

Secondar\'  eclipse 

Ratio  of  brightness  of  stars  at  perihelion  to 

brightness  at  aphelion 

T  •  i^  •     .             r       i         r  [brighter  star.  .  .  . 
Light  in  terms  of  system  ofjf^j^^^j.  ^^^^ 

Ratio  of  surface  brightness  of  stars 

Density  of  brighter  star  in  terms  of  sun 

Density  of  fainter  star  in  terms  of  sun 

Semi-major  axis  of  brighter  star  in  terms  of  sun 

Light  of  brighter  in  terms  of  sun 

Parallax 

Distance  in  light-years 

Spectral  tj^e 


Symbol 


k 

a/ 
h 


■  Vz  cosec" 
i 


Li 
Lf 

JbJJf 
Pd 
p/ 


Value 
Uniform        Darkened 


0.800 
0.368 
0.460 
0-338 
0.422 

0.3Q7 
90°  o' 


0.850 
0.445 
0.378 
0.423 
0.360 
0.312 
90°  o' 


0.17 

85°  o' 
Total         Annular 
Annular    Total 


0.600 
0.400 

2.34 
0.025 
0.013 
3-43 


1 .09 


0.722 

0.278 

1.87 

0.014 

0.023 

4.15 


/J 


o .  003 
1200 
F8 


Assuming  that  each  star  has  the  mass  of  the  sun,  the  actual 
radii  and  dimensions  in  terms  of  the  sun  were  computed.  The 
densities  come  out  considerably  less  than  the  sun's,  indicating  an 
earlier  stage  of  evolution.  Miss  Cannon  gives  the  spectrum  as 
F8,  and  a  computation  of  the  probable  brightness  and  parallax 
of  the  brighter  component  by  Shapley's  formulas  shows  this  as 
one  of  the  "giant"  stars,  seventy-five  times  as  bright  as  the  sun 
and  more  than  a  thousand  light-years  distant.     Residuals  of  the 
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observations  from  the  two  computed  curves  are  given  herewith 
in  Table  I,  and  elements  in  Table  II.  Figure  i  gives  the 
light-curves. 

Phase  in  days 


00  Ov 


N  ro 


Phase  in  days 
Fig.  I — Mean  light-curv-e  of  RS  Canum  Venaticorum 

In  conclusion  I  wish  to  acknowledge  my  indebtedness  to 
Professor  Russell,  of  the  Princeton  Observatory,  not  only  for  the 
entire  method  of  the  solution  but  for  his  care  in  going  over  and 
correcting  the  work  as  it  progressed. 

Princeton  University  Observatory 
August  1920 
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A  PHOTO-ELECTRIC  STUDY  OF  ALGOL 

By  JOEL  STEBBINS 

ABSTRACT 

Variable  star,  Algol;  pJiotometric  study. — Observations  during  1919-1920  with  a 
photo-electric  photometer  give  a  new  light-curve  for  this  star  which  is  considerably 
more  accurate  than  the  curve  obtained  in  190Q-1910  with  the  selenium  photometer 
(Fig.  I,  Table  XII).  Besides  confirming  the  secondary  minimum  and  the  continuous 
variation  between  minima,  the  new  results  show  an  effect  due  to  the  ellipsoidal  shape 
of  the  components  of  the  system.  The  phase  of  the  secondary'  minimum  indicates 
that  there  can  be  no  rapid  motion  of  the  line  of  apsides  of  an  elliptical  orbit;  in  fact 
all  of  the  photometric  evidence  points  to  a  circular  orbit.  Corrections  to  the  ephemeris 
for  the  times  of  minimum  are  given.  Neglecting  the  light  of  the  third  body  the 
elements  of  the  eclipsing  binary  system  are  derived  (Table  XI),  but  it  is  pointed  out  that 
definitive  values  of  the  elements  cannot  be  found  until  measures  of  the  spectrum  and 
magnitude  of  the  third  component  and  a  very  accurate  parallax  for  Algol  are  available. 
The  elements  found  agree  closely  with  those  obtained  in  1909-1910.  Certain  differ- 
ences suggest  a  color-index  for  the  satellite  which  would  make  it  somewhat  yellower 
than  the  primary. 

Constancy  of  three  comparison  stars. — The  star  6  Persci  is  suspected  of  variation  to 
the  extent  of  o-^'o4  or  o¥os,  but  /  and  tt  Persei  were  found  to  be  constant  within  o"!'©!. 

Photo-electric  photometer  for  stars. — The  precision  which  may  be  reached  is  indicated 
by  the  results  in  Tables  VII  and  XIII. 

Since  the  determination  of  the  light-curve  of  Algol  in  1909-1910 
with  the  selenium  photometer/  the  only  confirmation  of  the  exist- 
ence of  the  secondary  minimum  that  has  come  to  my  attention  is 
by  M.  Maggini,  of  Florence,^  who  worked  in  lights  of  two  colors 

'  Astrophysical  Journal,  32,  185,  1910. 
=  Popular  Astronomy,  26,  380,  19 18. 
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with  a  visual  photometer.  However,  he  did  not  find  any  variation 
of  light  between  minima,  and  from  his  published  data  I  am  unable 
to  determine  how  it  was  that  the  star  was  measured  with  no  appar- 
ent change  between  eclipses. 

Quite  often  in  the  past,  variations  in  the  photometric  period  of 
x\lgol  have  been  attributed  to  the  effect  of  an  unseen  third  body, 
and  with  the  spectroscopic  detection  of  a  companion  to  the  system, 
with  a  period  of  i .  9  years,  it  is  possible  to  take  another  step  in 
the  study  of  this  star.  If  the  relative  orbit  of  the  eclipsing  satellite 
is  elliptical  and  the  line  of  apsides  is  in  motion,  we  would  have  one 
explanation  for  the  displacement  of  the  times  of  primary  minimum. 
In  particular,  the  position  of  the  secondary  minimum  with  respect 
to  the  primary  is  a  very  delicate  test  of  the  correctness  of  the  ellipti- 
cal orbit,  and  it  was  to  establish  any  change  in  the  time  of  secondary 
minimum  that  after  the  lapse  of  ten  years  I  decided  to  make  a  new 
determination  of  the  light-curve. 

Algol  was  the  first  star  to  be  studied  exhaustively  with  the 
selenium  photometer  when  this  instrument  had  been  made  sensi- 
tive enough  to  take  accurate  measures  of  second-magnitude  stars, 
and  fair  measures  of  the  third  magnitude,  or  of  Algol  at  greatest 
eclipse.  In  1913  the  experiments  with  selenium  were  definitely 
abandoned  in  favor  of  the  photo-electric  cells,  which  were  being 
developed  in  our  physics  laboratory  by  Dr.  Jakob  Kunz.  Since 
that  time  the  photo-electric  photometer  has  reached  a  stage  of 
progress  where,  with  the  same  12-inch  telescope,  objects  of  photo- 
graphic magnitude  6.0,  or  even  fainter,  can  be  measured  more 
accurately  than  any  stars  whatever  with  the  selenium  photometer. 

During  the  winter  of  191 9-1 920  an  entirely  new  series  of  meas- 
ures of  Algol  has  been  taken  with  the  new  instrument,  and  the 
results  are  given  in  this  paper.  For  convenience  the  earlier  work 
with  selenium  will  be  designated  as  the  series  of  1910,  and  the  new 
work  the  series  of  1920. 

In  1 910  the  comparison  stars  used  were  a  Persei  and  5  Persei. 
As  Algol  has  a  spectrum  of  class  B8  and  a  Persei  of  F5,  this  com- 
parison star  was  not  considered  at  all  for  the  new  work,  it  being 
our  present  practice  to  observe  stars  as  nearly  of  the  same  spectral 
class  as  are  available.     5  Persei,  spectrum  B5,  is  an  excellent  com- 
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parison  object,  and  many  measures  were  taken  of  it.  However, 
on  several  occasions  5  was  found  to  be  unmistakably  faint  to  the 
extent  of  o^'o4  or  ©^'05,  indicating  that  it  is  possibly  an  eclipsing 
variable  of  small  range,  though  a  spectroscopic  orbit  has  not  been 
determined.  This  variation  of  5  may  have  affected  slightly  the 
measures  of  Algol  at  primary  minimum  in  19 10.  but  not  enough 
to  be  noticed.  When  the  trouble  was  detected  this  time,  the 
whole  series  with  §  was  discarded  for  the  study  of  Algol,  but  the 
measures  will  be  used  for  the  test  of  the  light  of  5.  In  fact,  no 
better  comparison  star  can  be  found  than  a  thoroughly  studied 
variable  like  Algol,  if  observed  between  eclipses,  as  its  variations 
are  known  to  a  certain  degree,  whereas  a  so-called  constant  star 
taken  at  random  may  vary  in  any  unknown  fashion. 

TABLE  I 
C0XIP.A.RISON  Stars 


H.R. 

Star 

Harvard 
Magnitude 

Photo-electric 
Magnitude 

Spectrum 

936 

1122 

/3  Persei 
6  Persei 
/  Persei 
TT  Persei 

2.1-3.2 
3.10 
4.98 
4.62 

(5.0) 
3.02 
5.02 
4.66 

B8 

B5 
A2 
A2 

1002 

879 

By  means  of  neutral  shade-glasses  to  cut  down  the  light  of 
bright  stars,  it  is  practicable  to  use  fainter  objects  for  comparison 
stars,  and  in  this  case  the  two  stars  /  Persei  and  tt  Persei  make  a 
very  good  combination  when  Algol  is  measured  through  a  shade. 
The  stars  observed  in  1920  are  given  in  Table  I.  The  rough  photo- 
electric magnitude  is  derived  from  the  Harvard  visual  magnitude, 
the  "color-equation"  of  the  installation  according  to  revised 
measures  being  o^'yo.  The  same  shade-glasses  were  used  as 
in  previous  work,'  and  with  shade  III  on  Algol,  which  reduces 
the  light  2.8  magnitudes,  the  variable  at  maximum  is  very 
nearly  equal  to  /,  and  a  quarter  of  a  magnitude  fainter  than  x. 
Near  primary  minimum,  by  changing  to  the  lighter  shade  II  the 
apparent  light  of  Algol  can  still  be  kept  about  the  same  as  the 
comparison  stars.     The  positions  of  /  and  x  in  the  sky,   one  on 

'  Aslrophysical  Journal,  49,  346,  1919. 
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each  side  of  Algol  gwe  a  most  excellent  elimination  of  the  atmos- 
pheric extinction,  as  the  visual  differential  correction  between 
Algol  and  the  mean  of  the  two  stars  does  not  exceed  o^'oo2  from 
sidereal  time  2i'.'o  to  7^0. 

There  are  many  measures  during  the  series  of  1920  which  give 
the  dilYerence  between  /  and  tt  with  only  a  small  extinction  correc- 
tion, and  dividing  these  we  have  for  the  difference,  x  brighter 
than  /,  the  results  shown  in  Table  II. 

TABLE  II 

Difference  betweex  /  .\xd  tt  Persei 

November  1919 ©^'259  =t  ©^'0009 

December  1919 — Januar>' 1920      .      .     0.259  ±  0.0021 

October  1920 0.256  ±  0.0029 

Adopt 0^*259         ±         o^'ooi2 

There  is  no  indication  that  either  /  or  tt  was  variable  in  light. 

Another  constant  to  be  determined  was  the  difference  in  the 
absorptive  powers  of  the  two  shades  II  and  III,  which  for  Algol 
have  approximately  the  values  i^^66  and  2 ^'8 2.  It  is  only  the 
difference  that  enters  into  the  result,  and  not  the  total  absorption 
of  either  shade.     The  various  determinations  are  as  follows: 

TABLE  III 

Difference  between  Shades  II  and  III 

Other  stars,  average  for  spectrum  B8  i ^'146!  Neglecting  dark 

Direct  measures  of  Algol 1.147/     current 

Direct  measures  of  Algol i.i63UVith  correction   for 

From  fit  of  light-curve  at  primary  minimum  i .  169/     dark  current 

Adopt i*'i6o 

The  round  figure  of  i^'i6o  was  adopted  more  or  less  arbitrarily. 
WTien  two  stars  of  considerable  difference  in  brightness  are  com- 
pared in  rapid  succession,  the  residual  dark  current  from  the 
brighter  star,  which  lasts  for  one  or  two  minutes,  is  added  on  to 
the  light -effect  from  the  fainter  one.  In  regular  work  it  is  our 
custom  to  apply  the  same  correction  to  both  stars,  because  in 
bright  moonlight  the  effect  of  the  background  of  the  skv  is  then 
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simply  included  as  an  addition  to  the  correction  for  dark  current. 
The  difference  between  the  two  reductions  with  or  without  the 
dark  current  is  generally  of  the  order  of  a  hundredth  of  a  magnitude 
for  one  whole  magnitude,  or  a  difference  in  scale  of  say  i  per  cent. 

The  photo-electric  measures  of  Algol  are  given  in  Tables  IV 
and  V.  The  phase  is  computed  from  the  final  adopted  epoch  of 
minimum,  and  was  reduced  to  the  sun  by  Pannekoek's  table.  In 
Table  IV,  near  primary  minimum,  each  difference  of  magnitude  is 
always  referred  to  /  Persei,  +  meaning  Algol  brighter  than  /,  and 
is  the  mean  of  two  sets  of  measures  on  the  variable,  taken  ordi- 
narily in  the  order:  two  readings  on  Algol,  four  on  /,  four  on 
Algol,  four  on  tt,  two  on  Algol,  and  so  on.  The  only  exception  was 
on  J.D.  2422281,  when  a  number  of  sets  were  taken  with  /  alone. 
In  Table  V  each  difference  of  magnitude  is  the  mean  of  three  sets, 
except  where  noted  differently  in  the  last  column.  Here  the  means 
for  /  and  t  have  been  taken  separately,  though  the  measures  over- 
lap, the  observing  schedule  being  as  before.  All  measures  in  both 
tables  have  been  corrected  for  atmospheric  extinction,  and  the  tt 
sets  have  been  corrected  by  0^^259  to  reduce  to  /. 

The  present  period  of  Algol  was  computed  from  Hellerich's 
elements.^  On  comparison  with  his  elements  III  the  photo- 
electric observations  give,  by  a  graphical  solution  for  the  primary 
minimum,  a  correction  of  —o':'ii  = —0^0046.  Using  his  pre- 
dicted period  and  the  present  determination  of  the  epoch  we  have 

^Iinimum  =  J.D.  2422321 .5947+2^867301  -E,. 

from  which  the  phases  in  Tables  IV  and  V  were  computed. 

In  October  1920  Algol  was  observed  during  primary  minimum 
on  three  nights  as  an  additional  check  on  the  period  and  the  light  at 
minimum.  The  measures  were  taken  exactly  as  those  in  Table  IV, 
each  observation  being  with  the  two  comparison  stars  /  and  tt,  and 
shade  II  was  used  throughout.  The  results  are  in  Table  VI,  where 
the  computed  phase  in  the  fourth  column  is  from  Hellerich's 
elements  HI,  uncorrected,  while  the  observed  phase  in  the  next 
column  is  based  upon  the  light-curve  of  the  present  series. 

^  Astronomische  Nachrichten,  209,  227,  1919. 
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TABLE  IV 
Observations  of  Axgol  at  Primary  Minimum 


Difference 

Shade, 

Difference 
of 
Magni- 
tude 

Shade, 

J.D.  242 

G.M.T. 

Phase 

01 
Magni- 
tude 

Compari- 
son Star 

J.D.  242 

G.M.T. 

Phase 

Compari- 
son Star 

2275 

I2h47m8 

-4'?3i 

— 0M055 

III 

2278 

19I142T8 

+5*80 

+    MOOI 

in 

(Nov.  12.  '19) 

13    o-o 

-4. II 

-   .116 

III 

20  12.6 

-1-6.29 

+    .003 

ni 

13  13-8 

-3.87 

-   .112 

III 

20  24.0 

+6.47 

+    .003 

in 

13   27-2 

-3.6s 

-    .186 

III 

2281 

13  07.8 

+  2.47 

—0.440 

III 

13  38.4 

-3-47 

-   .165 

III 

13  25. s 

+  2.69 

—    -379 

ni 

13  48.6 

-3.29 

-   .180 

III 

13  370 

-f2.88 

-    .316 

ni 

14  01.6 

-3.07 

—    .292 

III 

13  48.6 

+3.07 

-    .254 

III 

14  13.3 

-2.89 

-    -m 

III 

14  00.6 

+3.27 

-    .218 

ni 

14  24.0 

—  2.70 

-   .356 

III 

14  10.6 

+3-44 

-    .174 

in 

14  37-6 

-2.47 

-   .427 

III 

1425.8 

+3.69 

—    .122 

III 

14  50. S 

—  2.26 

-   .478 

III 

14  38.0 

+3.89 

-    .088 

III 

15  00.3 

—  2.10 

-   .571 

III 

14  50.8 

-1-4. 11 

-    .066 

III 

15  16.4 

-1.83 

-   .628 

II 

IS  05.2 

+4.35 

-    .028 

nil 

IS  27.4 

-1. 6s 

-    .732 

II 

15  17-9 

+4.57 

—    .012 

nil 

IS  40.8 

-1.42 

-   .808 

II 

15  29.6 

+4.76 

-|-    .001 

nil 

IS  S3-3 

—  1.22 

-    .881 

II 

15  41.6 

+4.96 

+    .003 

nil 

16  05.3 

—  1.02 

—  .958 

II 

15  53-5 

+  516 

+    .001 

nil 

16  17.2 

-0.82 

—  1. 000 

II 

16  05.8 

+5-37 

—    .006 

mi 

16  41 .2 

—0.41 

—  1.130 

II 

16  19.2 

+5-59 

+    .006 

nil 

16  51.4 

-0.2s 

—  1.207 

II 

16  31.2 

+5.79 

—    .006 

nil 

17  01.4 

-0.08 

-1. 173 

II 

16  41.9 

+5-97 

+    .006 

nil 

17  14. I 

+0.13 

-1.228 

II 

16  55.9 

4-6.  20 

+    .007 

III 

17  25.1 

+0.31 

-1. 171 

II 

17  08.4 

+6.41 

+    .002 

III 

17  3SI 

+0.48 

-1. 138 

II 

17  20.4 

-1-6.61 

—    .006 

III 

17  S3.2 

+0.79 

—  I  067 

II 

2321 

IS  17-4 

-l-i.ii 

—    .902 

II 

18  06.0 

+  1.00 

-   .974 

II 

15  35-8 

+  1.43 

-    .810 

II 

18  18.9 

+  1.21 

-     932 

II 

IS  SI. 8 

+  1.69 

—    .692 

II 

18  48.0 

+1.69 

-   .706 

II 

16  08.8 

+  1.97 

—    .590 

II 

18  59. 6 

+1.89 

-   .632 

II 

16  24.4 

+2.23 

-    .498 

II 

19  10.8 

+2.08 

-   .569 

II 

16  37.2 

+2.45 

-    .425 

II 

19  27.0 

+2. 35 

-   .456 

III 

17  03.6 

+  2.89 

-    .315 

III 

1938.2 

+  2.53 

—   .410 

III 

2341 

12  03.9 

-3-86 

-    .150 

III 

19  so.o 

+2.73 

-   .362 

III 

12  18.0 

-3.63 

-    .135 

III 

20  03.8 

+2.96 

-   .282 

III 

13  00. I 

-2.93 

-    .310 

III 

20  14.8 

+3.  IS 

-   .218 

III 

13  26.6 

-2.49 

—    .432 

II 

20  25.8 

+3.33 

-   .219 

III 

13  42.0 

-2.23 

-    .526 

II 

20  48.5 

+3.71 

—   .116 

III 

13  55-2 

—  2.01 

-    .582 

II 

21  00.0 

+3.90 

—   .096 

III 

14  12.4 

-1.71 

-    .674 

II 

21  10.4 

+4.07 

-   .071 

III 

14  29.3 

-1.43 

-    .807 

II 

2278 

IS  21.7 

+1.44 

-   .768 

II 

14  44-6 

-1.18 

-    .874 

II 

IS  31.8 

+1.61 

-   .719 

II 

15  13.2 

-0.71 

-1.074 

II 

IS  42.2 

+  1.78 

-   .666 

II 

15  29.2 

-0.43  ■ 

-1.124 

II 

IS  S4.0 

+1.98 

-   .588 

II 

2381 

13  27.4 

-5-97 

+    .016 

III 

16  04.4 

+2.15 

-   .530 

II 

13  42.9 

—5.70 

+    .032 

in 

16  14.4 

+2.31 

—    .460 

II 

14  00.3 

-541 

—    .008 

III 

16  25.9 

+2.50 

-    .410 

II 

14  14-2 

-S.18 

—    .014 

in 

16  36.4 

+  2.69 

-    -352 

II 

14  28.7 

-4.94 

-    .013 

III 

16  46.4 

+2.85 

-    .305 

II 

14  42.2 

-4.71 

+    .010 

III 

17  07.3 

+3   19 

-    .238 

III 

- 

1458.2 

-4-45 

—    .028 

III 

17  21.0 

+3-43 

-    .161 

III 

15  13.2 

-4.21 

—    .074 

III 

17  3S.2 

+3.67 

-    .145 

III 

15  27.1 

-3.93 

-    .094 

III 

17  S7.9 

+4.04 

-    .087 

in 

2384 

13  05.2 

-3.15 

—    .260 

III 

18  II. I 

+4.26 

-    .043 

III 

13  18.4 

-2,94 

—    .296 

III 

18  24.1 

+4.48 

—    .022 

III 

13  32.4 

-2.71 

-    .365 

in 

18  39.0 

+4-73 

-    .017 

III 

13  47.6 

—  2. 45 

-    .438 

n 

18  52.2 

+4-95 

+    .010 

III 

13  58.4 

-2.27 

-    .506 

II 

19  05.1 

+5.17 

.000 

III 

14  10. 1 

-2.08 

-    .574 

II 

19  19.4 

+5-39 

.000 

III 

14  27.8 

—  1.79 

—    .694 

n 

19  314 

+5.60 

—    .006 

III 

1439.S 
14  SI. 5 

-1.59 
-1.39 

—  .764 

-  .849 

II 
u 

NOTES 

J.D.  2422275 — Measures  at  first  were  through  smoke  which  gradually  cleared. 


After  about  two 


hours  the  conditions  were  good. 
2341 — Sky  only  fair. 
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From  the  means  in  the  last  column  of  Table  VI  there  is  found 
for  the  correction  to  the  ephemeris  from  Hellerich's  elements  III, 

—  o''30±o'?oo7. 

As  the  correction  of  the  previous  season  was  —  o'?ii,  we  see  that 
the  ephemeris  has  run  off  o''i9=ii  minutes  in  the  course  of   298 

TABLE  V 
Observations  of  Algol  at  Second.ary  Minimum  and  between  Minima 


Difference 
of 
Magni- 
tude 

Compari- 

Difference 
of 
Magni- 
tude 

Compari- 

J.D 242 

G.M.T. 

Phase 

son  Star, 
Sets 

J.D.  242 

G.M.T. 

Phase 

son  Star, 
Sets 

2265 

I5hi5m 

33^40 

—0^016 

/,  2 

2317 

i3i>26°> 

40^89 

-|-o*'o40 

/ 

2268 

14  04 

35  41 

—    .009 

/ 

13  36 

41.06 

+   .030 

jr 

1430 

33.84 

—    .006 

/ 

2319 

17  16 

23.83 

+   .035 

/ 

IS  04 

36.41 

—   .004 

I 

17  23 

24.02 

+   .036 

x 

IS  27 

36.80 

+   .013 

I 

2333 

IS  39 

14.19 

+   .017 

/ 

17  06 

38.44 

-1-   .062 

I 

IS  47 

14.33 

+  .021 

TC 

17  27 

38.80 

+   .045 

I 

2335 

13  27 

59-99 

+   .018 

I 

1837 

39.96 

+   .031 

I 

13  37 

60.15 

+   .014 

V 

19  01 

40.36 

+   .021 

I 

2337 

12  18 

38.07 

+  .008 

I 

20  07 

41.46 

+   .033 

I 

12  26 

38. IS 

+   .017 

X 

2273 

17  03 

20.76 

■j-   .022 

t 

13  08 

38.85 

t   ■°^l 

I 

2274 

IS  13 

42.93 

+   .041 

I 

13  17 

39.00 

+   .038 

IT 

2276 

16  04 

22.96 

+   .034 

I 

14  OS 

.39-80 

+   .024 

I 

16  09 

23.05 

+   .037 

ir 

14  14 

o9-9S 

+   .041 

ir 

2280 

17  36 

51.68 

+   .012 

I 

1458 

40.68 

+   .030 

I 

17  42 

51-78 

+   .022 

IT 

IS  06 

40.81 

+   .024 

X 

2282 

16  06 

29.37 

+   .036 

I 

16  11 

41.90 

+   .034 

/ 

16  12 

29.47 

+   .033 

IT 

16  18 

42.01 

+   .025 

X 

16  46 

30.03 

+   .057 

I 

16  44 

42.45 

-I-   .022 

1,2 

16  52 

30.13 

+   .044 

X 

2353 

13  27 

IQ.24 

—   .004 

I 

17  31 

30.78 

-1-   .oi6 

/ 

13  35 

10.38 

+  .018 

V 

H  3^ 

30.87 

+   .038 

IT 

2354 

13  OS 

33.87 

-j-   .021 

I 

18  18 

31. S7 

+   .018 

I 

13  13 

34  Ol 

—   .001 

X 

18  25 

31.68 

+   .019 

TT 

1407 

34.91 

+   .003 

I 

18  SS 

32.18 

+   .011 

I 

14  13 

35.01 

—    .026 

X 

19  01 

32.29 

—    .001 

IT 

15  10 

35-96 

-   .013 

I 

19  31 

32.78 

4-  .012 

I 

13  19 

36-II 

—    .029 

X 

19  37 

32.88 

.000 

IT 

2363 

13  30 

45-82 

-t-   .028 

/ 

2296 

IS  17 

20.46 

+  .044 

I 

15  38 

45-95 

-|-   .021 

X 

IS  25 

20.60 

+  .033 

IT 

2366 

15  07 

48.62 

-    .003 

1,4 

2306 

17  48 

56.53 

+  .033 

I 

15  09 

48.6s 

-|-   .022 

X 

17  56 

36.67 

-f  .026 

IT 

2386 

14  47 

46-53 

-|-   .021 

X,  2 

2307 

17  S6 

11.84 

+  .014 

I 

15  07 

46.87 

+   .055 

i,2 

18  02 

11.94 

+  .019 

TT 

2389 

14  07 

49 -OS 

+   .056 

1,2 

2312 

15  10 

60.26 

-f  .022 

I,  2 

14  15 

49.18 

+   .030 

X,  2 

IS  II 

60.28 

—   .014 

ir 

2391 

13  31 

27.63 

+  .028 

/ 

1548 

60.89 

-1-  .016 

I 

1338 

27.74 

4-  .021 

X 

IS  58 

61 .06 

+  .017 

IT 

14  06 

28.21 

+  .045 

1,2 

2313 

14  22 

14.64 

-1-  .028 

I 

14  13 

28.33 

+  -023 

X,  2 

14  28 

14.74 

+  .036 

TT 

2392 

13  55 

52.02 

+  .039 

I,  I 

2317 

12  35 

12  42 

40.04 
40.16 

+  .047 
+  -031 

TT 

14  05 

52.19 

+  .037 

X,   1 

XOTES 
J.D.  2422265 — Further  measures  stopped  b\'  clouds. 
2312 — Sky  fair. 
2313 — Sky  thick  but  uniform. 
2354 — Sky  thick  but  uniform. 
2363 — Sky  fair. 
2366 — Sky  fair,  measures  discordant. 
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days  or  104  periods.  The  epoch  from  the  adopted  correction  of  the 
last  minunum  is 

J.D.  2422619.7866^0 '^0003. 

It  will  perhaps  be  worth  while  to  observe  one  or  more  minima  in 
this  way  each  year,  as  the  epoch  can  be  determined  wdth  a  probable 
error  of  less  than  one  minute. 

TABLE  \l 

Observations  in  October  1920 


J.D.  242 

G.M.T. 

Difference  of 
Magnitude 

Computed 
Phase 

Observed 
Phase 

Correction  to 
Ephemeris 

Mean 
Correction 

2599 

i8'^40'?4 

18  50.3 

19  00.0 
19  09.1 
19  20.3 
19  32.0 
17  31.2 
17  42.2 

17  54-4 

18  07.2 

18  19.6 
1834.6 

19  08.2 
X9  19.4 

19  33-4 

19  49.6 

20  03 . 6 
20  14 .8 
20  27.2 
20  38.0 
20  49  ■  5 

-o¥734 
-0.688 
-0.618 
-0.334 
-0.377 
-0.430 

—  0.870 
-0.944 

—  1.004 
-1.&68 

—  1 .142 
-1. 188 

—  1 .  170 

—  1. 122 
-1.056 

—  0.966 
-0.837 

—  0.804 
-C.680 

—  0.622 
-0.558 

+  ll?24 

+  1.45 
+  1.62 
-3.10 

—  2.91 
-2.71 
-1.50 
-1.36 
-1. 16 

—  1.06 
-0.74 

-0.4s 
+0.07 
+0.26 
+0.50 
+0.76 
+0.99 
+  1.18 
+  1.39 
+  1-57 
+  1.76 

+  lh62 

+  1-74 
+  1.93 
-2.80 
-2.65 

-2.47 
-1.26 
-1.07 
-0.89 

-0.73 
-0.47 

-0^38 

—  0.29 
-0.31 
-0.30 

—  0.26 

—  0.24 

—  0.24 
-0.29 
-0.27 

-0.33 
-0.27 

2616 

-0^33 

2619 

-0.27 

—  0.26 

—  0.29 

+0.55 
+0.77 
+  1 .02 
+  1.34 
+  1-43 
+  1.76 
+  1.92 
+  2.09 

—  0.29 
-0.27 

—  0.26 

-0.35 
-0.25 

-0.37 
-0.35 
-0.33 

-0.27 

-0.32 

-0.34 

As  the  measures  of  Table  VI  were  made  after  the  computa- 
tions of  this  paper  were  finished,  they  were  not  used  further. 
The  three  observations  beginning  with  i8''i9™6  on  J.D.  2422619 
are  all  within  a  half-hour  of  minimum,  and  give  residuals  from  the 
final  light-curve  of  +0^^004,  -1-0^003,  and  —0^^006  respectively, 
or  a  mean  of  o^'ooo,  which  shows  that  as  far  as  accidental  error  is 
concerned  the  lowest  point  of  the  curve  is  well  determined. 

Table  VII  gives  the  normal  magnitudes  formed  in  the  usual 
way  from  the  observations  in  Tables  IV  and  V.  The  residuals 
were  formed  from  the  final  Hght-curve.  Except  near  the  time  of 
greatest  ecHpse  at  primary,  the  number  of  sets  in  each  normal  are 
nearly  enough  equal  so  that  all  normals  may  be  given  the  same 
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weight.     The  number  of  nights  in  a  normal  is  presumably  more 

important  than  the  number  of  sets.     The  normals  of  Table  VII 

together  with  the  light-curves  of  the  1920  and    1910  series  are 

shown  in  Figure  i. 

TABLE  VII 

Normal  Magnitudes 


Phase 

Difference 
of 

Residual 

Sets 

Phase 

Difference 

of 

Residual 

Sets 

Magnitude 

U 

—  K^ 

Magnitude 

KJ 

-4l?32 

—  0^052 

—  0 

¥012 

6 

54o6 

+0 

¥004 

+  0 

¥002 

8 

-3-94 

-O.I18 

— 

.026 

8 

5-49 

— 

.002 

— 

.005 

8 

-351 

—  0. 166 

.000 

8 

5-94 

+ 

.002 

— 

.001 

8 

-3.02 

—  0.289 

— 

.Oil 

8 

6.44 

.000 

— 

.C05 

8 

—  2.70 

-0.372 

— 

.009 

8 

10.31 

+ 

.007 

— 

.007 

6 

-2.36 

—  0.462 

+ 

.004 

8 

11.89 

+ 

.016 

— 

.002 

6 

—  2. 10 

-0-563 

— 

.008 

8 

14.40 

+ 

.023 

.000 

9 

-1.74 

-0.682 

+ 

.005 

8 

20.61 

+ 

-034 

+ 

.002 

9 

-1.48 

-0.793 

— 

.008 

6 

23.00 

+ 

.036 

+ 

-003 

6 

—  1.26 

-0.868 

+ 

.002 

6 

23.92 

+ 

.036 

+ 

.003 

6 

—  0.92 

-0.979 

+ 

.023 

4 

27.68 

+ 

.024 

— 

.008 

6 

-0.57 

-1.099 

+ 

.019 

4 

28.27 

+ 

-034 

+ 

.002 

4 

-0-33 
+0.02 

-I.  168 

+ 

.oor 

4 

29.62 

+ 

.042 

+ 

.010 

9 

I    .    200 

.  000 

4 

+0.40 

-1-154 

+ 

.003 

4 

30.59 

+ 

•033 

+ 

.006 

9 

+0.90 

—  1.020 

— 

.011 

4 

31.81 

+ 

.016 

+ 

.002 

9 

+  1.16 

-0.917 

— 

.007 

4 

32.65 

+ 

.004 

— 

.002 

9 

+  1-49 

—  0.766 

+ 

.016 

6 

33.76 

+ 

.001 

+ 

.008 

7 

+  1.72 

-0.688 

+ 

.007 

6 

35.11 

— 

.011 

.000 

9 

+  1-95 

-0.603 

+ 

.007 

6 

35.97 

— 

.016 

— 

-013 

Q 

+  2.19 

-0.514 

+ 

.009 

8 

36.60 

+ 

.004 

.coo 

6 

+  2.44 

-0.433 

+ 

.008 

8 

38.22 

+ 

.029 

+ 

.006 

9 

+  2.66 

-0.376 

— 

.001 

8 

38.88 

+ 

.038 

+ 

.009 

9 

+  2.90 

-0.304 

+ 

.005 

8 

+3-17 

—  0.232 

+ 

.008 

8 

39-50 

+ 

.032 

.000 

9 

+3-47 

-0.175 

— 

.001 

8 

40.19 

+ 

-033 

+ 

.001 

9 

+3 -80 

—  0.  106 

+ 

.008 

8 

40.79 

+ 

-031 

— 

.COI 

9 

+4  07 

-0.075 

— 

.001 

6 

41-47 

+ 

.032 

.000 

9 

+4.36 

-0.031 

+ 

.004 

6 

42.46 

+ 

.029 

— 

•  003 

8 

+4.69 

—  0 . 009 

— 

.003 

6 

46. 10 

+ 

.023 

— 

.010 

8 

48.05 

+ 

.025 

— 

.007 

3 

49^97 

+ 

-033 

+ 

.002 

7 

51-94 

+ 

.030 

+ 

.002 

5 

56.60 

+ 

.030 

+ 

.012 

6 

60.13 

+ 

.018 

+ 

.008 

8 

60.74 

+ 

.C06 

— 

.002 

9 

63.12 

+ 

-013 

+ 

.010 

6 

63-87 

— 

.C06 

— 

.008 

6 

DETERMINATION   OF   THE   ELEMENTS 

After  a  graphical  solution  had  been  made    for   the    time  of 
primary  minimum,  so  that  the  final  phases  could  be    computed, 
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the  next  step  was  to  use  the  observations  between  minima  for  a 
determination  of  the  radiation-effect  and  ellipticity  of  figure. 
The  1 910  observations  had  indicated  a  conspicuous  rise  in  the  Hght 
from  prunary  to  secondary,  but  no  measurable  maximum  at  phase 
7r/2  due  to  elongation  of  the  components  of  the  system.  The 
more  accurate  new  series,  however,  shows  that  it  is  worth  while 
to  include  in  the  solution  the  ellipticity  term.     Using  thirteen  nor- 

TABLE  VIII 
Combined  Normals,  Primary  Minimum 


Phase 

Difference  of           Re 
Magnitude               L 

ctified 
ight 

Residual  in 
Light 

No.  of  Sets 

o'>02 

—  1^^200              0 

352 

0.000 

4 

0 

2,2, 

-I.  168 

362 

+    .001 

4 

0 

40 

-I    154 

366 

+    -OOI 

4 

0 

57 

-1.099 

384 

+    .007 

4 

0 

91 

—  1 .000 

417 

+    .002 

8 

I 

21 

—  0.892 

458 

—     .001 

10 

I 

48 

—  0.780 

504 

+    .002 

12 

I 

73 

-0.685 

547 

+    .002 

14 

2 

02 

-0.583 

597 

—     .001 

14 

2 

28 

-0.488 

649 

+    .001 

16 

2 

55 

—  0.404 

699 

.000 

16 

2 

80 

-0.338 

741 

.000 

16 

3 

12 

—  0.251 

800 

.000 

12 

3 

48 

—  0.172 

858 

.000 

12 

3 

94 

— o.og6 

Q18 

-     .003 

18 

4 

2,2, 

-0.045 

961 

-      003 

9 

4 

77 

—0.008 

991 

—     .007 

9 

mals  following  primary  and  fourteen  following  secondary,  there 
was  found  by  least-squares 

Difference  of  magnitude  =  0-^^02 8 5— 0^^0164  cos  ^—0^^0148  cos^  0,     (i) 

±15  =1=11  ±27 

where  6  is  the  phase-angle,  and  the  probable  errors  were  com- 
puted in  the  usual  way,  the  probable  error  of  a  single  normal  being 
=±=0^^0039.  The  coefficient  of  cos^  6  gives  for  the  ellipticity  constant 
2=0.027. 

The  solution  was  made  by  Russell's  method.  The  normals  at 
primary  minimum  before  and  after  zero  phase  were  combined  on 
one  branch  of  the  curve,  and  the  resulting  combined  normals  were 
rectified  by  adding  -t-0^'0148  cos^  6  to  the  obser^^ed  magnitudes, 
then  reducing  to  light  and  adding  0.0149  (i-fcos  6)  in  light  units. 
The  result  and  the  residuals  are  in  Table  VHI.     There  are  fewer 
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observations  in  the  half-hour  near  zero  phase,  but  these  residuals 
are  not  unduly  large. 

The  constants  of  the  rectified  curve  are  given  in  Table  IX. 

The  time  of  secondary  minimum  cannot  be  determined  with 
great  accuracv,  but  nevertheless  even  with  a   variation   of  onlv 


TABLE  IX 
Rectified  Curve 


Magnitude 

Range 

Light 

Loss  of  Light 

jNIaximum 

+0.045 
—  I . 089 
+0.003 

1 .000 
0.352 
0.962 

Primary  minimum 

Secondary  minimum 

I    134 
0.042 

0.648 
0.038 

o^'o4  this  test  of  the  ellipticity  of  the  orbit  is  more  delicate  than 
that  by  any  other  method.  The  phase  of  secondary  was  deter- 
mined graphically,  and  tabulating  the  comparison  with  previous 
results  we  have: 

TABLE  X 

Phase  of  Secondary  ^Minimum 

Light-curve,  1920 34^65 

Light-curve,  1910 34  67 

Spectroscopic,  6  =  0.05 36.46 

Assumed,  e  =  0.00 34-41 

The  close  agreement  with  the  previously  observed  time  is  largely 
accidental,  but  there  is  once  more  no  photom.etric  evidence  of  any 
considerable  orbital  eccentricity,  and  for  the  purposes  of  this 
paper  the  orbit  may  be  considered  circular. 

In  19 10  the  elements  of  Algol  were  determined  with  no  allow- 
ance for  possible  light  of  the  third  body,  but  with  the  known 
third  component  of  long  period  it  is  evident  that  we  have  here  a 
case  similar  to  that  of  X  Tauri,  and  the  computed  elements  will 
depend  upon  how  much  of  the  light  of  the  system  comes  from  the 
distant  satellite.  I  learn  from  Dr.  Schlesinger  that  he  has  in 
hand  a  study  of  the  Allegheny  spectrograms  which  show  additional 
lines  at  primary  minimum;  if  these  lines  are  due  to  the  third  body 
it  may  be  possible  to  determine  the  actual  masses  of  the  three 
components,  and  to  estimate  the  light  of  the   third  body.     For 
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the  present  it  will  be  sufficient  to  determine  the  elements,  neglect- 
ing the  third  body's  light,  Lj  =  o,  for  comparison  with  the  1910 
results,  and  then  to  indicate  the  influence  of  Ly 

Using  Russell's  method  and  notation  for  partial  eclipse  of  uni- 
form disks  it  was  found  that  a  satisfactory  light-curve  is  given  by 
C  =  o.o935,  D  =  o.osoo,  x=  1-870.  Carrying  through  the  solution 
for  the  elements,  and  arranging  the  19 10  results  in  the  same  form 
for  comparison,  we  have: 

TABLE  XI 

Elements  of  the  Eclipsing  System 


Ratio  of  radii 

Area  of  bright  bodj^  obscured  at  minimum 

Light  of  bright  body 

Light  of  bright  side  of  faint  bodj' 

Light  of  fainter  side  of  faint  body 

Ratio  of  surface  brightness  of  bright  sides  of  bodies. 

Radius  of  bright  body,  radius  of  orbit  =  i 

Radius  of  faint  body,  radius  of  orbit  =  i 

Cosine  of  inclination 

Ellipsoidal  constant 


Ratio  of  axes  of  ellipsoids 

Mean  density  of  system,  sun  =  i 

Duration  of  eclipse 

Albedo,  Lambert's  law 

Albedo,  Seeliger's  law 


Lf 

Lf-2b 

Jf/Jb 

H 
af 
cosi 

fb/a 
\c/a 

Po 


0.85 

0.700 

0.925 
0.075 
0.045 
0.059 

o.  207 

0.244 

o.  142 
0.027 

0.987 
0.978 

0.07 
9l?66 
0.7 
1 .0 


0.88 


o.  102 
0.058 
0.088 
0.210 
0.239 
0.134 
0.0 

I.O 

1 .0 

0.07 
9^8o 


A  comparison  of  the  elements  shows  that  there  is  little  differ- 
ence between  the  two  series,  except  for  the  ellipticity  of  figure 
detected  in  1920,  and  the  smaller  light  measured  for  the  fainter 
component.  The  selenium  photometer  gave  practically  the  same 
color-sensitivity  as  visual  measures,  whereas  the  color-equation  of 
the  photo-electric  installation  is  0.70  magnitude.  The  intensity 
of  the  bright  side  of  the  companion  in  the  new  series  is  0.059, 
whereas  it  was  0.088  with  selenium.  These  two  values,  which 
correspond  to  the  secondary  minima  of  o^^o4  and  o^'o6  respectively, 
show  that  the  companion  compared  with  the  primary  of  spectrum 
B8  was  measured  only  two-thirds  as  bright  in  photo-electric  as  in 
visual  light,  which  would  indicate  a  spectrum  of  approximately 
Go.  If  we  had  observations  of  sufficient  precision,  and  also  could 
allow  for  the  light  of  the  third  component  of   the   system,  the 


A  PHOTO-ELECTRIC  STUDY  OF  ALC^)L  117 

determinations  of  the  light  of  the  two  sides  of  the  fainter  body 
with  instruments  of  different  color-sensitivity  would  give  a  rough 
measure  of  the  color-index,  and  hence  of  the  spectrum  of  each  side 
of  the  faint  star.  In  the  present  case,  however,  I  doubt  if  we  can 
say  more  than  that  the  satellite  is  a  yellower  star  than  the  primary. 
As  in  the  case  of  X  Tauri,^  the  solution  for  partial  eclipses  is 
given  by  the  intersection  of  the  two  curves, 

x{k,  ao,  I)  =  constant, 
I     /       ^    .  I— X, 


i-L 


where  the  introduction  of  L^  into  the  last  equation  takes  account 
of  the  third  body.  The  larger  the  value  of  L^,  the  greater  is  the 
area  of  eclipse  at  primary  minimum,  and  the  smaller  is  the  bright 
body  compared  with  the  eclipsing  satellite.  An  upper  limit  of 
L3  is  given,  however,  by  the  fact  that  its  light  may  not  show  even 
when  the  total  light  of  the  system  is  reduced  i .  2  magnitudes  at 
minimum,  or  to  one-third  of  the  light  at  maximum.  It  is  just 
here,  however,  that  the  additional  spectrum  lines  at  primary 
minimum  may  give  an  estimate  of  the  light  of  the  third  body.  It 
is  not  probable  that  L^  is  much  greater  than  o.io,  which  would 
give  it  nearly  one- third  of  the  total  light  at  minimum.  This 
would  reduce  the  computed  relative  radius  ^  to  o .  78,  as  compared 
with  ^  =  0.85  shown  in  Table  XI  for  L^  =  o.  It  is  obvious  that 
with  the  light  of  the  third  body  undetermined  only  rough  elements 
for  Algol  can  be  found,  but  the  uncertainty  for  this  system  is  no 
greater  than  for  any  other  of  the  many  eclipsing  stars  where  there 
may  happen  to  be  unknown  additional  companions. 

All  of  the  computations  in  this  paper  are  based  upon  assumed 
uniform  intensity  of  the  apparent  disks  of  the  components  of 
Algol.  In  view  of  the  satisfactory  agreement  of  the  observations 
with  the  computed  light-curve,  and  the  uncertain  influence  of  the 
third  body,  it  has  not  seemed  worth  while  to  consider  the  addi- 
tional complication  of  darkening  at  the  limb. 

In  Table  XII  is  the  Imal  light-curve  of  1920  computed  from 
the  elements  in  Table  XI,  together  with  a  comparison  wdth  the 

^  Aslrophysical  Journal,  51,  211,  1920. 
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curve  of  19 lo.     To  make  the  comparison,  the  printed  difference 
of  magnitude  of  1910  have  been  changed  in  sign,  and  0^^174  has 
then  been  added  to  make  the  average  magnitude  between  eclipses 
the  same  for  the  two  series.     The  average  difference  between  the 
two  curves  in  the  table  is  o^'oo6,  which  depends    however,  upon 


Hours  o  10  20  30  40  50  60 

Fig.  I. — Light-curve  of  Algol.     Heavy  line,  1920;   broken  line,  1910 

the  number  of  points  selected  during  and  between  the  eclipses. 
With  the  forced  agreement  at  maximum,  the  difference  at  greatest 
eclipse  is  0^^004.  The  two  curves  are  shown  in  Figure  i,  where  on 
the  scale  used  the  same  line  represents  the  two  curves  during 
primary  minimiun;  this  is  rather  remarkable  inasmuch  as  the 
adjustment  between  the  curves  was  made  outside  of  the  eclipses, 
and  previous  obser^-ers  have  found  considerable  dift'erences  in  the 
forms  of  the  light-curves  taken  in  different  colors.     Any  dift'erence 
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in  the  epoch  of  minimum  as  derived  in  light  of  different  wave- 
lengths would  not  show  in  this  comparison  of  series  not  taken 
simultaneously. 


TABLE  XII 
Light-Curves  of  Algol 


Phase 

IQ20 

I 

910 

Difference 

Phase 

1920 

1910 

Difference 

±    O*'© 

-l' 

^•200 

—  I 

Miq6 

—  0 

^'004 

3oho 

+o¥o3i 

+c 

■^'045 

—  0 

^'014 

=*=    0.5 

—  I 

135 

—  I 

.136 

+ 

.001 

310 

+ 

.023 

+ 

.036 

— 

■^13 

=*=     I.O 

—  0 

972 

—  0 

.976 

+ 

.004 

32.0 

+ 

.012 

+ 

.022 

— 

.010 

=^    1-5 

— 

778 

— 

.77(3 

— 

.002 

330 

.000 

+ 

.004 

— 

.004 

=fc    2.0 

— 

592 

— 

■59b 

+ 

.004 

340 

— 

.010 

— 

.012 

-r 

.002 

=*=   2.5 

— 

422 

— 

.436 

+ 

.014 

34  65 

— 

.012 

— 

•C.15 

+ 

.003 

=fc  3.0 

— 

283 

— 

.296 

+ 

■013 

350 

— 

.011 

— 

.014 

+ 

.003 

^   3-5 

— 

168 

— 

.176 

+ 

.008 

36.0 

— 

.003 

— 

.003 

.000 

=1=   4.0 

— 

084 

— 

.091 

+ 

.CX37 

370 

+ 

.009 

+ 

.014 

— 

.005 

^   4-5 

— 

021 

— 

.026 

+ 

.005 

38.0 

+ 

.021 

+ 

■032 

— 

.011 

*   4.83 

+ 

002 

.000 

+ 

.002 

390 

+ 

■031 

+ 

■043 

— 

.012 

+  50 

+ 

002 

.000 

+ 

.002 

39.48 

+ 

•03^ 

+ 

.046 

— 

•015 

10. 0 

+ 

012 

+ 

.008 

+ 

.004 

40.0 

+ 

.032 

+ 

.046 

— 

.014 

15  c 

+ 

024 

+ 

.018 

+ 

.006 

45 -o 

+ 

■033 

+ 

.C38 

— 

.005 

20.0 

+ 

032 

+ 

.030 

+ 

.002 

50.0 

+ 

■031 

+ 

.027 

+ 

.004 

25.0 

+ 

033 

+ 

.040 

— 

.007 

55-0 

+ 

.022 

+ 

.016 

+ 

.006 

29.82 

+ 

031 

+ 

.046 

— 

•015 

6c.  0 

+ 

.010 

+ 

.006 

+ 

.004 

A  test  of  the  accuracy  of  the  present  measures  is  given  by  the 
residuals  in  Table  VII,  from  which  the  comparison  with  igio  is 
made  in  Table  XIII.     The  weight  of  the  determination  of  a  light- 


TABLE  XIII 

Probable  Errors  and  Weights 


1920 

1910 

Number  of  normals  at  primary  minimum 

30 
0^007 
16.2 

'>0 

Probable  error  of  one  normal 

0^'023 
T 

Relative  weight  of  determination 

Number  of  normals  at  secondary  and  between  minima 

Probable  error  of  one  normal 

36 
o^'oo4 
3-4 

24 

Relative  weight  of  determination 

Relative  weight  of  complete  curve 

4 

curve  may  be  taken  as  proportional  to  n/r^,  where  11  is  the  number 
of  normals  and  r  the  probable  error  of  each. 

It  is  thus  seen  that  the  photo-electric  measures  give  a  curve 
which,  when  compared  with  the  selenium  curve,  has  sixteen  times 
the  weight  at  minimum,  more  than  three  times  the  weight  at  maxi- 
mum, and  about  four  tunes  the  weight  for  the  whole  curve.     Also 
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it  is  to  be  noted  that  in  the  new  series  the  light  of  Algol  was  cut 
down  with  a  shade-glass,  fivefold  at  minimum  and  thirteen  fold  at 
maximum.  The  observing  time  was  less  in  1920  than  in  1910, 
perhaps  a  fair  estimate  being  that  the  new  curve  represents  half 
the  effort  of  the  old  one.  The  selenium  measures  are  therefore 
quite  superseded,  and  no  doubt  after  another  ten  years,  if  not 
before,  someone  else  or  myself  will  be  able  to  improve  upon  the 
present  results. 

There  has  been  only  one  parallax  of  Algol  published  since  19 10, 
that  from  Yerkes,  +o''o2o='=o''oi4,  and  until  there  are  several 
more  modern  photographic  determinations  available,  it  seems 
scarcely  worth  while  to  recompute  the  total  light  and  surface 
brightness  of  the  components.  Dr.  Schlesinger  has  sent  me  a 
value  of  7r  =  o''o32  for  the  absolute  parallax,  from  the  results  of 
Chase,  Russell,  and  Yerkes.  This  is  10  per  cent  larger  than  the 
parallax,  ©''029,  quoted  at  the  end  of  my  previous  paper,  and 
would  make  the  total  light  of  Algol  about  two  hundred  times  that 
of  the  sun.  This  with  a  plausible  assumption  as  to  the  ratio  of 
the  masses  would  give  the  companion  a  surface  intensity  ten 
times  that  of  the  sun,  which  value  is  presumably  rather  high  for 
the  spectrum  G,  estimated  from  the  secondary  minimum.  It  is 
evident  that  we  need  the  best  parallax  that  can  be  determined  by 
several  observers. 

Therefore,  in  spite  of  the  increased  accuracy  over  the  former 
work,  the  present  photometric  measures  cannot  give  definitive 
results  for  the  system.  If  the  spectrum  of  the  third  body  can  be 
measured,  its  light  estimated,  and  also  the  parallax  determined 
with  a  small  relative  error,  then,  as  it  has  been  said,  we  shall 
know  "all  about  Algol.'' 

I  am  indebted  to  ]Mr.  C.  C.  Wylie  for  some  of  the  obsers'ations 
toward  the  end  of  the  1920  series,  and  to  ]\Iiss  Iva  Hamhn  for 
many  of  the  reductions.  The  present  satisfactory  performance  of 
the  photometer  is  due  largely  to  Dr.  Elmer  Dershem.  who  rebuilt 
most  of  the  instrument  during  the  summer  of  19 19. 

This  work  is  a  portion  of  that  accomplished  with  the  aid  of 
grants  from  the  Draper  fund  of  the  National  Academy  of  Sciences. 

University  of  Illinois  Observatory 
November  1920 


AN  EXAMINATION  OF  THE  INFRA-RED  SPECTRUM  OF 
THE  SUN,  X8900-X9900^ 
By  FREDERICK  S.  BR.\CKETT 

ABSTRACT 

Fliotography  of  infra-red  spectra  to  \ggoo. — In  prexnous  work  scattered  light  has 
been  a  serious  obstacle  to  the  extension  of  observations  into  the  infra-red.  By  using 
a  monochrometer  with  the  second  slit  removed  the  author  eliminated  scattered  light 
and  obtained,  on  plates  sensitized  with  dicyanin,  spectrograms  of  even  intensity 
which  show  fine  structure  to  X9850.  This  limit  seems  to  be  fixed  in  astronomical 
work  by  Langlej-'s  broad  atmospheric  absorption  band  <^.  Below  X  9400  a  water 
solution  of  malachite  green  is  recommended  as  a  screen  since  it  is  almost  opaque  to 
wave-lengths  shorter  than  X  7200. 

Infra-red  solar  spectrum  XSgoo  to  \ggoo. — Spectrograms  made  in  the  first  order  of 
a  15-foot  concave  grating  mounted  in  the  constant  temperature  pit  of  the  Mount 
Wilson  laboratory  gave  the  wave-lengths  of  563  lines  to  about  o.oi  A,  at  least  as  far 
as  X9650  (Table  I).  To  determine  the  origin  of  the  lines,  solar- rotation  photographs 
were  made  with  the  13-foot  spectrograph  of  the  60-foot  tower  telescope,  and  spectro- 
grams taken  under  conditions  of  low  and  high  humidity  were  compared.  It  was  found 
that  45  and  possibly  70  lines,  including  one-fifth  of  the  fainter  lines  obser\-ed,  are  of 
solar  origin,  while  60  of  the  stronger  diffuse  telluric  lines  broaden  remarkably  as  the 
humidity  increases  and  hence  undoubtedly  form  an  absorption  band  due  to  water  vapor 
between  Xgjoo  and  Xgdjo.  Of  the  solar  lines,  14  are  attributed  to  iron  and  i  or  2  to 
nickel. 

The  investigator  is  naturally  attracted  to  the  less  refrangible 
end  of  the  spectrum  by  the  fact  that  the  characteristic  displace- 
ments due  to  some  of  the  most  interesting  spectroscopic  phenomena 
increase  with  increasing  wave-length,  among  them  being  the 
Doppler  effect,  the  Zeeman  effect,  pressure  shift,  and  the  possible 
Einstein  effect.  But  before  work  of  precision  can  be  done  in  any 
region,  it  is  desirable,  if  not  absolutely  necessary,  to  make  some 
preliminary  survey  of  the  field.  In  the  case  of  the  infra-red 
spectrum  of  the  sun  the  work  of  Dr.  Meggers,  which  he  has  been 
kind  enough  to  furnish  the  Mount  Wilson  Observatory  in  advance 
of  publication,  gives  identifications  and  wave-lengths  down  to 
9000  A,  and  it  is  the  purpose  of  the  present  investigation  to  extend 
these  results  as  far  as  can  readily  be  done  with  dicyanin-bathed 
plates. 

Since  Dr.  Meggers  published  his  map  of  the  solar  spectrum  from 
6800  A  to  9600  A,^  frequent  attempts  have  been  made  to  extend 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  197. 
^  Astro  physical  Journal,  47,  i,  1918. 
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the  limit  to  still  longer  wave-lengths  by  photography  with  plates 
bathed  in  dicyanm.  but  until  recently  the  attempts  have  met  with 
little  success.  In  March  of  this  year  Dr.  K.  Burns'  published  his 
photographs  showing  the  more  outstanding  structure  to  almost 
9900  A.  On  all  of  these  plates,  however,  much  of  the  finer  structure 
beyond  9200  A  appears  to  have  been  lost.  That  the  chief  cause 
of  this  lack  of  contrast  is  scattered  light  there  can  now  be  little 
doubt.  When  the  present  investigation  was  first  undertaken,  it  was 
believed  that  the  chief  dilhculty  was  the  loss  of  defining  power  in 
the  lenses,  due  to  a  rapid  change  in  the  properties  of  the  glass  with 
increasmg  wave-length.  But  the  appearance  of  a  ghost  of  the 
B  group  between  9600  A  and  9700  A  on  a  plate  taken  with  the 
13-foot  spectrograph  of  the  60-foot  tower  telescope  seemed  to 
prove  that  the  presence  of  scattered  light  was  responsible. 

In  order  to  establish  this  fact  with  certainty,  a  series  of  tests 
was  made  in  the  laboratory  with  a  one-meter  concave  grating. 
Exposures  were  first  tried  with  a  screen  opaque  to  wave-lengths 
shorter  than  6400  A.  On  these  plates  the  contrast  fell  off  rapidly 
beyond  9200  A,  until  even  the  strongest  lines  were  lost  at  9600  A. 
Exposures  were  then  made  through  a  water  solution  of  malachite 
green.  A  screen  more  than  a  centimeter  in  thickness  proved 
almost  opaque  to  all  wave-lengths  shorter  than  7200  A.  Photo- 
graphs taken  with  this  screen  were  much  superior  to  those  pre- 
viously obtained  and  showed  lines  well  beyond  9750  A.  For 
infra-red  work  at  wave-lengths  shorter  than  9400  A  this  t}'pe  of 
screen  may  be  strongly  recommended. 

As  screens  opaque  to  still  longer  wave-lengths,  and  at  the  same 
time  transparent  beyond  9000  A,  were  not  available,  the  only 
possibility  of  further  progress  lay  in  preliminary  analysis.  For 
this  purpose  a  Hilger  monochrometer  with  the  second  slit  removed 
was  set  in  collimation  with  the  spectrograph.  It  was  found  that 
when  the  first  slit  of  the  monochrometer  was  open  about  two 
millimeters,  light  extending  over  several  hundred  angstroms  was 
admitted  to  the  slit  of  the  spectrograph. 

By  calibrating  the  screw  of  the  monochrometer,  settings  could 
be  made  which  would   admit   any   desired   range   of   spectrum. 

^  Lick  Obscnatory  BulleHns,  No.  327,  1920 


'..2, 


o^ 


PLATE  I 


Tnfra-Red  Spectrum  of  the  Sun,  X8Q00-X9900 
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Moreover,  this  adjustment  could  be  changed  during  the  exposures, 
so  that  the  intensity  could  be  adapted  to  the  sensiti\eness  of  the 
plate  for  a  given  wave-length.  This  made  it  possible,  even  in  the  ex- 
treme infra-red  where  the  sensitiveness  falls  off  rapidly,  to  obtain 
photographs  of  even  density  throughout  a  long  range  of  spectrum. 
Plates  made  with  this  arrangement  showed  sharply  dehned  lines  as 
far  as  the  slightest  trace  of  continuous  background  could  be  detected. 

The  monochrometer  was  used  with  a  1 5-foot  Anderson  concave 
grating  in  a  Rowland  mounting  placed  vertically  in  a  constant 
temperature  pit,  and  photographs  were  taken  which  show  the 
fine  structure  to  9800  A.  The  first  order  of  the  grating  was  used, 
giving  a  scale  of  about  3  . 7  A  to  the  millimeter.  Although  the 
grating  proved  quite  fast,  the  system  was  optically  slow;  the 
aperture  ratio  was  //45  and  much  of  the  light  was  lost  because 
of  the  astigmatism  characteristic  of  the  Rowland  mounting, 
when  used  at  the  large  angle  necessary  for  the  infra-red,  even  in 
the  first  order. 

The  best  dicyanin  at  hand  at  the  time  the  investigation  was 
begun  was  of  old  German  stock,  which  proved  slightly  superior 
to  that  obtained  from  the  Bureau  of  Chemistry  of  the  Department 
of  Agriculture.  Exposures  ranged  from  seven  to  twenty-one 
hours,  extending  over  as  many  as  three  days.  This  is  the  most 
rigorous  test  to  which  the  mounting  in  the  constant  temperature  pit 
has  been  subjected  and  proves  clearly  its  merit,  since  even  these 
long  exposures  show  practically  no  loss  of  definition.  The  longest 
exposure  reveals  lines  to  almost  9900  A ;  the  portion  of  the  spectrum 
between  9600  A  and  9900  A  shown  on  this  photograph  is  reproduced 
in  Plate  Ic. 

In  February  of  this  year,  however,  a  shipment  of  dicyanin 
labeled  A  \T-8  was  received  from  the  Bureau  of  Chemistry  which 
proved  much  faster  than  an}'thing  previously  used.  Photographs 
on  bathed  Seed  23  plates  were  obtained  in  seven  hours  which 
showed  lines  beyond  9800  A. 

In  order  to  determine  the  wave-lengths  of  lines  which  could  be 
used  as  a  basis  for  the  reduction  of  the  plates,  exposures  were 
made  on  the  same  plate  to  the  second-order  iron  arc  and  to  the 
first-order  infra-red  solar  spectrum.     The  light  from  the  arc  was 
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thrown  directly  upon  the  slit  by  two  small  prisms  on  either  side 
of  the  beam  from  the  monochrometer.  Because  of  astigmatism, 
however,  all  the  lines  extend  entirely  across  the  plates.  All 
screening  arrangements  near  the  plate  were  avoided  on  account  of 
the  danger  of  moving  the  plate-holder.  The  arc  exposure  was 
made  in  five  parts,  distributed  symmetrically  throughout  the  solar 
exposure.  The  illumination  of  the  grating  by  both  arc  and  sun 
was  carefully  adjusted,  so  that  any  possible  displacement  due  to 
differences  in  illumination  would  presumably  be  small.  As  the 
grating  used  is  one  of  the  most  perfect,  the  coincidence  of  the  two 
orders  can  be  subject  to  little  question.  The  two  plates  obtained 
agreed  perfectly.  It  is  to  be  regretted,  however,  that  lack  of  time  pre- 
vented checking  them  by  a  different  set-up.  In  measuring  these 
plates  all  lines  were  avoided  which  showed  any  suggestion  of  blend. 

The  rotation  plates  for  the  separation  of  the  solar  and  telluric 
lines  were  taken  with  the  13-foot  spectrograph  of  the  60-foot 
tower  telescope,  which  projects  an  image  of  the  sun  about  6.7 
inches  in  diameter.  Although  lenses  are  used  in  both  collimator 
and  camera  of  the  spectrograph,  it  was  found  that  a  fair  focus 
could  be  obtained  over  the  whole  region.  The  chief  difficulty  in  the 
work  proved  to  be  the  many  adjustments  necessary  for  both  the 
monochrometer  and  the  spectrograph.  The  13-foot  spectrograph 
is  a  two-lens  system  with  one  reflection,  and  the  grating  is  set  at 
a  considerable  angle,  so  that  the  dispersion  is  considerably  greater 
than  normal,  thus  giving  a  scale  in  the  infra-red  of  the  first  order 
of  3 . 3  A  to  the  millimeter.  Although  the  aperture  ratio  of  the 
system  is  limited  by  the  telescope  to  //60,  being  non-astigmatic,  it 
proved  over  twice  as  fast  as  the  15-foot  concave  grating. 

Because  of  the  already  complicated  optical  system,  the  use  of 
prisms  to  unite  the  beams  from  the  limbs  of  the  sun  was  not 
attempted.  A  simple  exposing  screen  in  front  of  the  slit  was  used. 
The  exposure  for  one  limb  was  made  in  two  parts,  one  before  and 
one  after  the  exposure  for  the  other  limb,  so  that  any  mechanical 
shift  would  not  introduce  a  displacement. 

Photographs  of  the  spectrum  of  the  center  of  the  sun  were 
also  taken,  in  order  to  determine  the  wave-lengths  of  the  solar  lines. 
As  these  plates  were  taken  in  the  middle  of  August,  a  correction  of 
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+0.009  ^^  ^^^"^1  to  be  added  because  the  earth  was  then  approaching 
the  sun.  Inasmuch  as  the  period  of  exposure  was  longer  in  the 
afternoon  than  in  the  morning,  a  sHght  correction,  —0.002  A, 
had  to  be  subtracted.  A  total  correction  of  +0 .  007  A  has  therefore 
been  applied  to  all  solar  wave-lengths. 

Fortunately,  plates  were  secured  at  times  of  both  high  and 
low  humidity.  An  examination  of  these  plates  on  a  comparator 
showed  beyond  9300  A  a  remarkable  broadening  of  the  lines  on 
photographs  taken  during  high  humidity,  which  is  entirely  inde- 
pendent of  exposure  time,  appearing  alike  on  plates  of  different 
densities.  As  the  mean  altitude  of  the  sun  was  about  the  same 
for  all  exposures,  there  can  be  little  doubt  that  this  effect  is  due  to 
water-vapor.  In  the  list  of  wave-lengths  only  those  lines  which 
showed  the  most  marked  effect  have  been  attributed  to  water- 
vapor,  although  it  is  quite  likely  that  others  than  those  so  designated 
are  due  to  this  source. 

The  reduction  of  the  rotation  plates  showed  roughly  10  per 
cent  of  the  five  hundred  lines  measured  to  be  of  solar  origin.  Of 
these,  fourteen  may  be  attributed  to  iron  and  possibly  one  or  two 
to  nickel.  In  the  region  between  9300  A  and  9650  A  over  sixty 
broad  diffuse  lines  appear  which  are  due  to  water-vapor. 

In  measuring  the  plates  the  chief  emphasis  has  been  laid  on 
consistency.  The  wave-lengths  recorded  represent  measures  made 
on  from  two  to  eight  plates.  In  the  region  from  9000  A  to  9650  A 
the  wave-lengths  should  be  reliable  to  less  than  =1=0.01  A,  except 
where  the  line  is  marked  with  an  "a."  Beyond  9650  A  the  wave- 
lengths are  determined  by  extrapolation,  and  systematic  errors  may 
enter. 

On  the  first  plates  obtained  intensities  were  estimated  between 
00  and  10,  but  on  the  later  plates  showing  both  fainter  and  broader 
lines,  they  were  classified  between  000  and  12.  In  the  case  of  the 
water-vapor  lines  this  classification  is  not  altogether  satisfactory, 
since  at  times  of  high  humidity  some  of  them  extend  over  several 
angstroms.  These  lines  also  present  special  difficulty  in  measure- 
ment, not  only  because  of  their  broad  dift'use  character,  but  also 
because  they  do  not  widen  symmetrically  with  increasing  humidity. 
Their  wave-lengths  are  merely  approximate. 
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'I-8D 
2/ 

1-3 

oV 
00 

oo\ 
00/ 


000 
iV 


3 

3V 
o 
00 
3R 


2V 
3V 


00 

oB 
00 


00 

3 
00 
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Q737 
9738 
9743 
9749 
9753 
9757 
9761 
9762 
9764 
9765 
9768 
9774 
9776 
9779 


X 

SMI- 
SZ-- 
36.. 
90.  . 
74-  ■ 
7Za- 
90.  . 
14a. 

51- 
71a. 
00.  . 
84.. 
46.. 


Intensity 


3B 

3 


00 

2BR 
ooB 

2B 

oB 

2B 

I 


Source 
Element 


9782 

9787 
9791 

9793 
9795 
9799 
9801 
9803 
9813 
9817 
9825 
9831 


35- 
19a 
09. 
38a 
26a 
52- 
78. 
27. 
48a 
70a 

57a 
97a 


Intensity 


iB 

00 


00 
00 


Source 
Element 


The  separation  of  the  solar  and  telluric  lines  is  based  chiefly 
upon  two  rotation  plates.  As  the  Doppler  displacement  due  to 
solar  rotation  is  of  the  order  of  0.13  A,  there  is  little  doubt  as 
to  the  origin  of  well-defined  lines.  But  if  the  lines  are  diffuse, 
unsymmetrical,  or  blended,  question  arises.  If  noticeable  dis- 
placement occurs  on  one  plate  but  not  on  the  other,  a  question 
mark  has  been  placed  after  the  5,  which  is  used  to  indicate  lines 
of  solar  origin.  If  the  evidence  of  blending  is  unmistakable  it  has 
been  indicated  by  A,  S.  Lines  due  to  water-vapor  have  been 
indicated  by  iv,  and  lines  showing  decided  asymmetry  by  V  or  R 
placed  after  the  intensity,  according  as  the  line  is  shaded  to  the 
violet  or  the  red,  respectively.  Where  lines  were  not  completely 
resolved,  it  has  been  indicated  by  joining  the  intensities  by  brackets. 
Where  they  were  practically  unresolved,  U  has  been  placed  after  the 
bracket.     Broad  lines  have  been  indicated  by  B. 

In  conclusion  it  may  be  stated  that  the  monochrometer,  used 
instead  of  a  screen,  has  certain  unquestionable  advantages  over 
any  of  the  screens  at  present  available:  (i)  it  removes  all  scattered 
light  from  the  background  and  makes  it  possible,  by  increasing  the 
exposure  sufhciently,  to  obtain  the  very  faint  lines,  which  are 
especially  important  in  the  region  under  investigation;  (2)  it  is 
faster  than  the  battery  of  screens  found  necessary  to  remove 
even  the  major  portion  of  the  extraneous  light  in  the  region  beyond 
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9400  A;  (3)  it  presents  for  any  limited  portion  of  the  region  a  very 
convenient  method  of  grading  the  exposure  to  suit  the  sensitiveness 
of  the  plate. 

The  results  of  the  investigation  show  (i)  that  at  least  one-fifth 
of  the  lines  of  o  intensity  or  less  are  of  solar  origin;  (2)  that  one- 
third  of  these  solar  lines  are  due  to  iron;  (3)  that  a  very  strong 
water-vapor  band  exists  between  9300  A  and  9650  A. 

The  fact  that  in  the  present  case,  as  well  as  in  the  recent  work 
by  Burns  and  also  in  the  early  investigations  of  Abney,  it  was 
found  impossible  to  photograph  beyond  9900  A  is  probably  to  be 
explained  by  the  presence  of  the  strong  absorption  band  at  about 
I  fx,  which  was  designated  by  Langley'  by  the  symbol  </>.  The 
rapidly  falling  sensitiveness  of  the  plates  renders  it  impossible  to 
photograph  any  portion  of  the  spectrum  beyond  this  band. 

I  am  indebted  to  Mrs.  Brackett  for  the  computation  and  reduc- 
tion of  the  measures,  and  to  Dr.  St.  John  and  Mr.  Babcock  for 
furnishing  me  with  wave-lengths  in  both  sun  and  iron  arc  based 
on  the  International  system.  It  gives  me  great  pleasure  to  express 
my  appreciation  to  these  and  also  to  other  members  of  the  staff 
for  their  interest  and  help. 

Mount  Wilson  Observatory 
September  1920 

^Annals  Smithsonian  Aslrophysical  Observatory,  i,  1900. 


THE  VARIATION  WITH  TEISIPERATURE  OF  THE 

ELECTRIC  FURNACE  SPECTRUM  OF 

MANGANESE^ 

By  ARTHUR  S.  KING 

ABSTRACT 

Variation  of  the  electric  furnace  spectrum  of  manganese  with  temperature  to  2400°. — 
The  spectrum  produced  in  the  tube-resistance  furnace  at  1700°,  2000°,  and  2400°  C. 
was  examined  from  X  2795  to  X  8200:  but  no  lines  were  found  beyond  X  6500.  Table  I 
contains  the  relative  intensities  of  the  lines  in  the  arc  spectrum  and  in  the  furnace 
spectra  for  the  three  temperatures;  it  also  gives  the  temperature  classification  of  these 
lines  according  to  the  method  used  in  previous  articles.  Some  lines  observed  at  1560°  C. 
are  given  in  Table  II;  the  triplet  X  4031  to  X  4035  was  still  strong  and  well  reversed  at 
this  low  temperature.  As  with  other  furnace  spectra,  the  ultra-violet  wave-length 
limit  is  shorter  the  higher  the  temperature.  In  the  discussion  the  interesting  behavior 
of  some  of  the  lines  is  pointed  out.  None  of  the  enhanced  lines  given  by  Lockyer 
occur  in  the' furnace  spectrum. 

The  following  results  for  the  furnace  spectrum  of  manganese 
were  obtained  by  the  methods  used  in  previous  studies  of  metallic 
spectra.-  ^Manganese  metal  was  used  in  the  tube  furnace,  the 
inclosing  chamber  being  pumped  to  a  pressure  of  a  few  millimeters. 
Temperatures  of  approximately  1700°,  2000°,  and  2400°  C,  desig- 
nated as  "low,"  ''medium,"  and  "high,"  respectively,  were 
employed  in  studying  the  range  of  spectrum  from  X  2800  to  X  6600. 
The  peculiarities  of  the  spectral  lines  as  regards  the  temperature 
at  which  they  first  appear  and  the  rate  of  increase  with  rising 
temperature  have  been  tabulated  from  these  data. 

The  spectrograms  were  made  for  the  most  part  with  the  first 
and  second  orders  of  a  fifteen-foot  concave  grating,  while  the  very 
bright  spectra  given  by  the  second  order  of  a  one-meter  grating 
were  used  for  a  few  photographs. 

The  operation  of  the  furnace,  when  the  tube  was  charged  with 
manganese,  was  without  notable  features  other  than  the  lack  of 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  198. 

^  Ml.  Wilson  Contr.,  Nos.  66,  76,  94,  108,  150,  181;  Astrophysical  Journal,  37, 
239,  1913;  39,  139,  1914;  41,  86,  I9i5;^42,  344,  1915;  48,  13,  iqiS;   51,  179,  1920. 
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carbide  formation,  in  which  this  metal  contrasted  strongly  with 
iron.  Instead  of  sticking  to  the  tube  and  gradually  eating  through, 
the  manganese  vaporized  and  then,  in  diffusing  from  the  tube,  con- 
densed in  the  cooler  portions  at  the  ends,  leaving  but  little  residue 
in  the  hotter  region.  This  necessitated  frequent  renewal  of  the 
charge  of  metal  during  the  run. 

In  order  to  hold  the  temperature  unchanged  during  the  rather 
long  exposures  at  low  and  medium  temperatures,  direct  current 
from  a  large  generator  was  frequently  used  on  account  of  the  close 
adjustment  of  voltage  which  can  be  made.  As  in  the  case  of  the 
iron  spectrum/  no  difference  was  observed  between  the  effect  of 
direct  and  alternating  currents  at  a  given  temperature. 

EXPLANATION    OF    TABLE    I 

The  first  column  of  Table  I  gives  the  arc  wave-lengths  measured 
by  Exner  and  Haschek,-  except  in  a  few  cases  for  which  the  wave- 
lengths of  close  doublets,  on  the  international  system,  were  taken 
from  the  measures  of  Kilby.-'  Frequent  references  to  notes  at  the 
end  of  the  table  are  indicated  by  asterisks,  while  a  dagger  means 
that  the  line  was  found  by  Kilby  to  be  decidedly  stronger  in  the 
spark  than  in  the  arc. 

As  in  previous  papers,  the  remaining  columns  give  the  intensity 
estimates  for  lines  in  the  arc  and  for  three  furnace  temperatures. 
Nebulous  lines  are  indicated  by  "n"  after  the  value  of  the  intensity, 
while  "r"  and  "R"  indicate  partial  and  complete  self-reversal. 
Lines  of  Class  I  and  Class  II  are  strong  at  low  temperature,  those 
of  Class  II  strengthening  more  rapidly  as  the  temperature  rises. 
Lines  of  Class  III  are  absent  or  faint  at  low  temperature,  but  appear 
at  medium  temperature,  and  are  usually  considerably  stronger  at 
high  temperature.  Class  IV  appears  at  the  highest  furnace  tem- 
peratures, while  Class  V  is  usually  absent  in  the  furnace.  "A" 
after  the  class  number  indicates  that  the  line  in  question  is  rela- 
tively weak  in  the  arc — ^usually  not  more  than  half  as  strong  as 
in  the  high-temperature  furnace. 

'  Mt.  Wilson  Conlr.,  No.  193;   Astrophysical  Journal,  52,  1S7,  1920. 
^  Spcklren  dcr  Elcmente  hei  nonnalem  Druck,  Leipzig,  191 1. 
3  Astrophysical  Journal,  30,  243,  1909. 
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TABLE  I 

Temperature  Classification  of  Manganese  Lines 


(exner  and 
Haschek) 


Arc 
Intensity 


Furnace  Intensities 


High 
Temperature 


Medium 
Temperature 


Low 
Temperature 


Class 


2794.92. 
2797.05. 
2798.37. 
2799.99. 
2801 . 20. 
2804. 24. 
2806.25. 
2808.12. 
2809. 20. 
2812.99. 
2813.60. 
2814.09. 
2818.09. 
2818.85. 
2821.58. 
2822.68. 
2823.40. 
2824.5.. 
2826.8.. 
2830.92. 
2836.43. 
2858.85. 
2872.68. 
2892.77! 
2907.32. 
2914.71. 

2925.67* 
2928.79. 
2930-35- 
2933  iQt 
2934- 13- 
2938.00. 
2939.40! 
2940.01. 
2940.330 
2940.512 
2941.15. 

2949-3it 
3007.80. 
3008.35. 
3011.30. 
3011.52. 
3014.82. 
3016.60. 
3022.90. 
3040.76. 

3041 -35 • 
3042.87. 
3043  46. 


500R 

5 
400R 

10 
400R 

7 
6 

5 

7 
7 
7 
4 


8n 

i5n 

6 

3 
6 

5 

5 

7 

50 

70 

7 

5 
25 

6 

8n 
30 

5 
10 
ion 

7 
30 

6 

4 

5 

7 

5 


500R 

I 
400R 

400R 


15 

\io; 


tr 


5/ 


tr 


IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
V 
IV 
IV 
IV 
IV 
IV 
V 
V 
IV 
IV 
IV 
IV 
V 
V 
IV 

IV 

V 

IV 

V 

V 

V 

V 

V 

IV 

IV 

IV 

IV 

IV 

V 

IV 

IV 

V 

IV 

IV 

IV 

V 

V 

IV 
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(exner  and 
Haschek) 


3044.69. 
3045-70. 
3045-90. 
3047-14- 
3048.95- 
3054-53- 
3062.30. 

3066. 19. 
3070.46. 

3073-33- 
3079.80. 
3081.52. 
3097.18* 

3100.43- 
3101.67* 
3110.86. 
3115.60. 
3120.54. 
3142.80. 
3148.36. 
3161.I9. 
3178.61. 
3207.00. 
3212.98. 
3217.04* 
3224.90* 
3226.15. 

3228. 20. 
3230.81. 
3234-0.. 

3235-1-- 
3236.90. 
3237-4- 
3240.53- 
3240.75- 
3243-93- 
3248.64. 
3251.27. 
3253-09- 
3254-14- 
3256.25. 

3258.52- 
3260.40. 
3264.83. 
3267.90. 
3268.83. 
3270.49. 

3273-15- 
3278.65. 
3280.90. 
3296.16. 


Arc 
Intensity 


50 


5 
15 

5 
40 


20 
15 


5 

5 

6 

6 

4 

4 

15 

15 

15 

5 


10 

6 
30 
12 
i5n 
/ion 
\i5n 
20 
2  on 

7 

5 
12 

15 

5 


Furnace  Intensities 


High 
Temperature 

7 
4 


5 
5 
6 

7 
6 

5 
I 
2 
4? 


5 
6 

7 
3 
9 

? 
? 

5 
20 
10 


3 

15 

5 


15 
6 


15 


Medium 
Temperature 


3^ 


5 
? 

? 

I 
12 

7 


Low 
Temperature 


Class 


III 

IV 

V 

IV 

IV 

III 
III 
III 
III 
III 

IV 
IV 
IV 
IV 

III? 

IV 

V 

V 

V 
IV 
IV 
IV 
IV 

III 
II 
II 

IV 

II 
III 

IV 
IV 
IV 

II 

IV 

III 

IV 

III 
III 

IV 

III 

IV 

III 
III 
III 
III 

V 

V 

V 

V 
IV 
IV 
IV 
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(exxer  an'd 
Haschek) 


Arc 
Intensity 


Furnace  Intensitees 


High 
Temperature 


Medium 
Temperature 


Low 
Temperature 


Class 


3297 
3298 

3303 
3312 

3313 

3313 

3314 
3315 
3316 
3316 
3317 
3320 
3330 
3343 
3345 
3420 

3439 
3442 
3460 
3474 
3474 
3483 
3488 

3495 
3496 
3497 
3531 
3532 
3532 
3547 
3548 
3548 
3569 
3569 
3570 
3577 
3586 

3595 
3607 
3608 
3610 
3619 
3623 
3629 
3660 
3670 
3670 

3677 
3682 

3693 
3696 


or. 

35- 
40. 

05- 
41- 

70. 

59- 
07- 
47- 
61. 

47- 
82. 
80. 
85- 
47- 
95- 
13- 
i3t 
45t 
20+ 

27t 
22t 

8ot 
99t 
96. 
66t 
94t 
i4t 

27t 

9it 
i8t 
33t 
6it 
95t 
i7t 

99* 
69* 
29. 
69. 
66. 
49- 
42. 
96. 
89. 
58. 
00. 
67. 
13- 
23- 
83- 


6 
5 
3 
6 

5n 

4 

4 

6n 

6n 

4 

5n 
ion 

6 

8 

4 

4 

4 

6 
30 
25 


6 
8 
30 
50 
50 
50 
40 

30 
60 
40 
20 
40 
30 
20 
20 
20 
20 


30 

20 

8 

? 

? 


3 
15 


IV 

IV 

V 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

III 

III 

III 

III 

III 

III 

III 

III 

III 

II 

II 

III 

II 

II 

III 

III 

III 

III 

V 

III 
III 

V 
V 
V 
V 
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(exner  and 
Haschek) 


Arc 
Intensity 


Furnace  Intensities 


High 
Temperature 


Medium 
Temperature 


Low 
Temperature 


Class 


3701 
3706 

3719 
3732 
3790 
3799 
3800 
3802 
3806 
3809 
3816 
3823 
3824 
3829 
3834 
3834 
3839 
3841 
3844 
3918 
3921 
3924 
3926 
3929 
3953 
3985 
3986 
4018 
4026 
4030 
4033 
4034 
4035 
4041 

4045 
4048 

4055 
4058 

4059 
4059 
4061 
4063 
4070 
4079 
4079 
4083 
4083 
423s 
4235 
4239 
4257 
4266 


23- 

06.. 
05.. 
38.. 
40*. 
70.. 
05.. 
90.. 
--* 

/3 

90.. 

64.. 

03* 

80* 

01* 

90* 

23- 
12* 
46., 

94* 
23* 
63. 
41. 
00. 
40. 
98. 
28. 
58. 
92. 
21. 
62. 
88. 
S2>- 
31* 
90. 
70. 
10. 
09. 
54* 
90. 
70* 
48. 
38. 
61. 
II. 
82. 

125 
306 
90. 
83- 


5 

5 

10 

4 

4 

4 

2  or 
10 

5 
2or 


7 
3 

3n 
3 


3 

3 

3 

20 

4 
200R 
150R 
looR 

15 
5or 
4 
15 
20 

4 
10 


IS 


200R 
150R 
looR 

15 
35 


15 
20 


^3 
12 


15 
10 

3 


20 


200R 
150R 
looR 

15 
30 


18 


tr 


200R 
150R 
looR 


6? 
3 


III 
\^ 
V 
V 
III 
III 
V 
V 

I 
II 

III 
II 
II 

III 
II 
II 
II 
II 
II 

V 

IV 

IV 

V 

IV 

V 

V 

V 

I 

V 


IV 


THE  ELECTRIC  FURNACE  SPECTRUM  OF  MANGANESE   139 
TABLE  I— Continued 


Furnace  Intensities 

K 

Arc 
Intensity 

tEXNER  AND 

Class 

Haschek) 

High 

Medium 

Low 

Temperature 

Temperature 

Temperature 

4281  .30 

6 

3 

3 

2 

II 

4312 

71*.... 

3 

> 

1 

tr 

II 

4412 

04 

3 
10 

I 

IV 

4415 

04 

6 

5 

3 

II 

4436 

52 

8 

6 

4 

I 

III 

4451 

78 

15 

12 

10 

6 

II 

4453 

19 

6 

5 

3 

I 

Til 

4455 

20 

5 

4 

2 

tr 

III 

4455 

5i*... 

6 

p 

3? 

I? 

III? 

445^ 

02 

6 

5 

2 

tr 

Ill 

4457 

22 

5 

3 

I 

tr 

III 

4457 

76*.... 

8 

p 

? 

p 

-> 

4458 

48 

12 

8 

4 

2 

II 

4460 

59*.... 

3 

p 

p 

p 

? 

4461 

30 

8 

4 

2 

tr 

Ill 

4462 

20 

20 

12 

6 

2 

III 

4464 

88 

8 

8 

5 

3 

II 

4470 

33 

6 

6 

4 

I 

III 

4472 

98 

5 

5 

3 

I 

III 

4490 

27 

5 

6 

4 

I 

III 

4499 

09 

7 

8 

6 

2 

III 

4502 

40 

7 

8 

6 

2 

III 

4605 
4626 

52 

4 

V 

69 

4 

3 

2 

III 

4671 

89 

31 

89 

3 

3 

10 

V 

4701 

V 

4709 

6 

4 

I 

III 

4727 

70*.... 

10 

p 

4 

I 

III 

4739 

30 

8 

6 

3 

I 

III 

4754 

24 

50 

50 

60 

40 

I 

4761 

73 

10 

10 

6 

I 

III 

4762 

60 

30 

25 

20 

5 

III 

4766 

08 

10 

10 

8 

2 

III 

4766 

63 

20 

20 

15 

4 

III 

4783 

62 

50 

50 

60 

40 

I 

4823 

71 

50 

50 

60 

40 

I 

4966 

03 

3 
2 

3 
2 

2 

III 

5005 
5017 

03 

J7 

I 

III 

2 

V 

5074 

92 

10 

10 

2 

V 

5118 
5151 
5196 
5197 
5255 
5341 

3 
3 
3 
I 

\' 

\' 

76 

3 
I 

2 

III 

40 

IV 

48 

4 

4 

3 

25 

III 

25*.... 

20 

50 

4 

IIIA 

5377 
5394 

86 

6 

I 

tr 

III 

89 

10 

3or 

30 

30 

lA 

5399 
5407 

70 

4 

2 

I 

III 

67 

5 

10 

8 

2 

IIIA 

5413 
5420 

90 

2 

I 

IV 

61 

10 

20 

15 

3 

IIIA 
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Arc 
Intensity 

Furnace  Intensities 

(exner  .-usid 
Haschek) 

High 
Temperature 

Medium 
Temperature 

Low 

Temperature 

Class 

5432 

5457 
5470 
5481 
5506 
5517 
5537 
6013 
6016 
6022 
6384 
6413 
6441 
6491 

75 

64 

88 

61 

10* 

00 

99* 

74 

90 

05 

88 

77 

14 

92 

7 

4 

I 
8 
4 

7 

5 
30 
40 
50 

4 

2 

8 

15 
6n 

35 

2 

20 

10 

? 

20 

p 

30 
40 

50 

35 

2 

10 

5 

3 

10 

5 
6 

10 
12 

3S 

1 

4 
2 
I 
2 
I 
I 
2 
3 

lA 
IIA 
IIA 
IIA 

III 

IIIA 

III 

III 

III 

III 
V 

4 
2 

3 

2 

IIIA 

IV 

IV 

V 

Remarks 
Close  doublet,  just  resolved. 

Doublet  measured  b}-  Kilby.    Exner  and  Haschek  give  X2940 .  50. 
Double.     Arc  components  about  equal. 
Furnace  line  may  be  partly  Ni. 
Pure  absorption  lines  at  high  temperature.     Partial  absorption 

at  medium  temperature. 
X's  by  Hasselberg.     E.xner  and  Haschek  give  X3532  .  20. 
Disturbed  by  carbon. 
Close  doublet. 

Concealed  by  continuous  ground  at  high  temperature. 
Disturbed  by  carbon. 

Concealed  b}'  continuous  ground  at  high  temperature. 
Close  doublet. 
Disturbed  by  carbon. 

Blend  Fe.     Probable  intensity  of  Fe  line  subtracted. 
Doublet  measured  by  Kilby.     Exner  and  Haschek  give  4235 .  41. 
Disturbed  by  carbon. 
Blend  with  impurity  lines. 
Disturbed  by  carbon. 
Probably  double. 
Disturbed  by  carbon. 


DISCUSSION    OF    RESULTS 

Several  groups  of  lines  whose  behavior  is  of  special  interest 
may  be  noted.  The  first  is  the  strong  triplet  at  XX  2795,  2798, 
2801.  These  lines  reverse  widely  in  the  high-temperature  furnace. 
The  emission  wings  fill  up  the  space  between  the  lines,  but  are  of 
low  density.     The  effect  is  that  of  three  absorption  lines  on  a  weak 


2926 

2940 

3,  2940.5 

3097 

3102 

3217, 

3225 

3532 

14,3532.2 

3578-3587 

3697 

3702 

3799- 

3844 

3922, 

3924 

4045 

4060 

4064 

4235 

4313 

4455- 

4457-44^'° 

4728 

5341 

5506, 

5538 
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continuous  ground.  No  temperature  stage  has  been  found  which 
gives  these  as  narrow  emission  lines.  Presumably  they  will  occur 
as  such  at  high  temperature  when  a  trace  of  manganese  is  present, 
though  an  examination  of  some  iron  spectrograms  failed  to  show 
them.  At  reduced  temperature  the  lines  are  not  narrow  or  indeed 
visible  at  all,  because  the  furnace  spectrum  does  not  then  extend 
so  far  into  the  ultra-violet.  This  is  a  peculiarity  often  met  w^ith 
in  furnace  spectra;  lines  in  the  ultra-violet  having  the  charac- 
teristics of  low-temperature  lines  require  high  temperatures  for 
their  production  because  the  low-temperature  spectrum  ceases 
before  this  wave-length  is  reached.  The  effect  is  so  general  with 
different  elements  that  there  seems  to  be  no  reason  to  ascribe  it  to 
absorption  by  a  vapor  within  the  furnace. 

At  about  X  3000,  the  medium  temperature  begins  to  show  some 
lines  distinctly.  The  prominent  lines  up  to  this  point,  in  addition 
to  the  X  2800  triplet,  are  those  of  the  series  triplet  XX  2915,  2926, 
2941,  of  which  the  last  two  are  clearly  complex  and  probably  also 
the  first.  The  components  of  X  2926  are  resolved  in  the  furnace 
spectrum.  This  triplet  is  given  by  Kayser  and  Runge^  as  belong- 
ing to  the  same  series  as  XX 3532,  3548,  3570,  lines  which  are  also 
complex;  but  the  two  triplets  appear  in  different  temperature 
classes  because  the  member  of  shorter  wave-length  occurs  at  the 
extreme  limit  of  the  medium -temperature  spectrum. 

XX  3  2 1 7  and  3225  show  a  peculiar  behavior.  At  high  temperature 
they  are  simple  absorption  lines,  with  no  sign  of  emission  wings. 
Their  strength  at  medium  temperature  is  uncertain,  the  emission 
being  partly  neutralized  by  absorption,  while  at  low  temperature 
they  are  sharp  emission  lines.  No  other  lines  of  this  type  occur 
in  the  spectrum. 

The  tendency,  which  prevails  throughout  the  spectrum,  for 
lines  of  similar  type  to  appear  in  groups  is  illustrated  by  those 
from  X3442  to  X3498.  They  are  absent  in  the  furnace  but  strong 
in  the  arc,  and  yet  stronger  in  the  spark.  They  are  thus  enhanced 
lines  of  intermediate  t>T3e.  None  of  the  enhanced  lines  given  by 
Lockyer-  occur  in  the  furnace  spectrum. 

'  Abhandlungen  der  preussischen  Akademie,  1904. 

^  Solar  Phj'sics  Committee,  Tables  of  Wave-Lengths  of  Enhanced  Lines,  1906. 
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The  series  triplet  X3532toX357o,  each  member  of  which  has  three 
components,  is  also  strengthened  in  the  spark.  In  the  furnace 
these  lines  appear  between  1600°  and  1700°,  but  strengthen  very 
rapidly  with  increasing  temperature. 

The  prominent  low-temperature  group  between  XX  4000  and 
4100  contains  the  very  sensitive  triplet  XX  4031,  4033,  4035. 
These  lines  are  of  extreme  persistence,  occurring  very  generally  as 
impurity  lines  in  arc  spectra.  Their  intensity  in  the  furnace 
seems  to  depend  very  largely  on  the  vapor  density,  and  with  an 
ordinary  charge  of  manganese  present  they  are  always  widely 
reversed.  This  was  the  condition  at  the  lowest  temperature  used, 
1560°,  when  most  of  the  low-temperature  lines  were  barely  regis- 
tered on  the  plate.  The  intensities  of  this  triplet  given  in  the  table 
therefore  signify  little  relatively  to  the  general  run  of  the  manganese 
lines.  At  low  temperature,  with  much  vapor  present,  they  can  be 
made  much  stronger  than  at  high  temperature  with  less  vapor. 
The  extreme  sensitiveness  of  these  three  lines  to  anomalous  dis- 
persion, the  degree  of  which  is  found  to  depend  on  the  tendency 
of  a  line  to  reverse,  was  noted  in  a  former  paper." 

The  group  in  the  blue  near  X4450  consists  of  strong  arc  lines 
which  are  relatively  weak  in  the  furnace,  being  for  the  most  part 
in  Class  III.  Near  X4800  several  prominent  furnace  lines  occur, 
among  them  the  triplet  of  Class  I,  XX 4754,  4784,  4824.  These  are 
very  strong  at  low  temperature  and  are  placed  by  Kayser  and 
Runge  in  the  first  sub-series,  another  member  of  which  is  the 
triplet  at  XX  3148,  3161,  3179.  The  latter  lines  are  beyond  the 
range  of  the  low-temperature  furnace,  appearing  faintly  at  medium 
temperature. 

Near  X  5400  is  another  set  of  prominent  lines,  which  in  general 
are  relatively  stronger  in  the  furnace  than  in  the  arc,  a  class  not 
noted  in  other  parts  of  the  manganese  spectrum.  XX  5395  and 
5433  are  remarkable  for  their  strength  at  low  temperature.  X  5341 
is  stronger  than  either  of  these  at  high  temperature,  but  falls  off 
rapidly  below  2000°.  The  temperature  of  the  furnace,  especially 
in  the  lower  range,  may  be  closely  gauged  by  the  relative  intensity 
of  X  5341  as  compared  with  X  5395  or  X  5433. 

^  Ml.  Wilson  Contr.,  No.  130;  Aslrophysical  Journal,  45,  254,  1917. 
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The  red  end  of  the  manganese  furnace  spectrum  is  weak, 
except  for  the  triplet  at  X6014  to  X6022  and  this  fades  rapidly  with 
decreasing  temperature.  The  spectrum  was  photographed  with 
dicyanin-bathed  plates  as  far  as  X8200,  but  no  lines  were  found  in 
the  furnace  beyond  X6500. 

Table  II  lists  what  may  be  regarded  as  the  residual  furnace 
lines.     The  intensity  estimates  were  made  from  a  spectrogram  of 


TABLE  II 

Man 

GANESE  Lin 

ES 

IN 

FURN. 

\CE   AT    1560°  C. 

X 

Intensity 

X 

Intensity 

3806.90 

2 

4055 • 70 

5 

3823.64 

I 

4059 

09 

I 

3834 ■ 50 

I 

4063 

70 

I 

4018.28 

3 

4079 

38I 

3 

4030.92 

looR 

4079 

61/ 

4033.21 

75R 

4083 

II 

2 

4034.62 

50R 

4083 

82 

2 

4035.88 

3 

4754 

24 

10 

4041 • 53 

10 

4783 

62 

10 

4048 . 90 

3 

4823 

71 

10 

long  exposure  taken  with  the  one-meter  concave  grating.  The 
temperature  of  the  furnace  read  1560°  C.  The  lines  of  the  triplet 
X4031  to  X4035  are  strong  and  well  reversed.  Evidently  they  are 
emitted  at  a  considerably  lower  temperature  than  that  used  here. 
The  other  lines  in  Table  II  are  the  most  pronounced  low- temperature 
lines  and  in  some  cases  are  just  strong  enough  to  be  distinctly 
registered.  XX  5394.89  and  5432.75  would  doubtless  be  listed 
among  these  lines  if  the  photograph  had  included  the  region. 

Mount  Wilson  Observ.a.tory 
November  1920 


THE  ORBIT  OF  THE   SHORT-PERIOD   SPECTROSCOPIC 
BINARY  65  r  CYGNI 

By  J.  S.  PARASKEVOPOULOS' 

ABSTRACT 

Spectroscopic  binary  components  of  the  triple  system  6j  t  Cygni. — This  interesting 
system  is  a  vasual  binary  whose  brighter  component  is  a  spectroscopic  binary.  During 
ig2o  several  continuous  series  of  spectrograms  obtained  with  the  Bruce  spectrograph 
of  the  Yerkes  Observatory  enabled  the  elements  of  the  orbit  to  be  computed.  The 
period  is  only  3'^25™4,  the  shortest  yet  known,  and  a  sin  i  is  only  14,924  km.  Taking 
the  parallax  of  the  system  as  0*031,  the  distance  apart  of  the  components  comes  out 
about  1,600,000  km.  But  from  the  brightness  of  the  brighter  component,  absolute 
magnitude  about  1 . 5,  its  diameter  is  probably  about  9,000,000  km.  Apparently,  then, 
the  separation  of  the  components  is  less  than  the  diameter  of  one  of  them.  But  neither 
the  hypothesis  of  a  pear-shaped  body  nor  that  of  a  pulsating  star  seems  to  explain 
the  facts  satisfactorily. 

The  star  65  r  Cygni  (a  =  2i''io"'8,  5  =  +37°37')  is  a  triple  system 
of  great  interest.  Alvan  G.  Clark  found  in  1878  that  this  3^^8  star 
has  a  companion  of  about  8^^  It  was  soon  recognized  that  these 
form  a  visual  binary  system.^  The  latest  elements  which  fairly 
represent  the  recent  measures  are  those  of  Aitken  •? 

P=47  years  aj=io5?5 

r=  1889.60  t=±42?7 

e  =  o.  22  9>  =  i49?8 

a  =  orgi  Angles  decreasing 

Professor  Storrs  B.  Barrett/  of  the  Yerkes  Observatory,  detected 
some  years  ago  that  the  spectrum  of  this  star  shows  a  variable 
radial  velocity. 

Spectrum. — The  limiting  distance  for  the  Bruce  spectrograph 
of  the  Yerkes  Observatory  being  in  practice  between  2"  and  3", 
the  spectrum  of  the  two  components  of  the  visual  system  cannot 
be  studied  separately.  The  spectrograms  obtained  record  only 
a  single  spectrum,  belonging  to  the  brighter  component:  they  do  not 
show  the  spectrum  of  the  fainter  visual  component  or  of  the  spec- 

'  Of  the  National  Obser\^ator\'  at  Athens.  Volunteer  Research  Assistant  at 
Yerkes  Observator>',  1919-1921. 

^  Bumham,  General  Catalogue  of  Double  Stars. 
^  Publications  of  the  Lick  Observatory,  12,  t6i. 
*  Astronomische  Nackrichten,  177,  174,  1908. 
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troscopic  companion.     The  spectrum  of  this  bright  component  is 
of  t\q3e  Fo,  according  to  the  Revised  Harvard  Photometry.^ 

Since  the  discovery  of  the  binary  character  of  r  Cygni,  a  large 
number  of  spectrograms  of  this  star  have  been  taken  at  the  Yerkes 
Observatory  with  the  Bruce  spectrograph  arranged  for  one  prism. 
The  time  usually  required  for  a  satisfactory  exposure  is  between 
25  and  40  minutes.  A  comparison  spectrum  of  titanium  and  of 
iron  was  impressed  on  all  the  plates.  All  the  spectrograms  were 
measured  on  the  Gaertner  measuring  machine  and  reduced  by  the 
author.  The  following  are  the  wave-lengths  for  the  lines  that  have 
been  used  chiefly: 

H5  4101.900  Fe  4260.640 

Sr    4215.703  Cr  4289.885 

Ca  4226.904  Fe  4299.410 

Fe   4250.945  Fe  4325,939 


Fe  4045-975 
Fe  4063.759 
Fe  407 1 . 908 

Sr  4077.885 


H7  4340.634 
Cr  4351.930 
Ti  4395 . 203 
Fe    4404.927 


Ti  4443.976 
Mg  448 1 .  400 
Ti-Co  4549 .  808 
Ti  4563.939 

Ti  4572.156 


TABLE  I 
(For  Julian  Day  2,  422,522) 


Plate 


Date 

(G.M.T.) 

Exposure 

V 

n 

m 

km 

1920  July 

16    .597 

40 

-23.98 

17 

630 

40 

-2995 

19 

659 

36 

-15-88 

14 

686 

33 

-16.54 

17 

713 

2,2, 

—  22.99 

16 

740 

32 

—  22.67 

17 

766 

32 

-29.38 

18 

790 

25 

-20.37 

14 

819 

24 

—  14.66 

14 

850 

40 

—  19.08 

9 

881 

28 

-27-85 

14 

o-c 


I  B  5859 
5860 
5861 
5862 
5863 
5864 
5865 
5866 
5867 
5868 
5869 


km 
-26.76 
-29. 12 

-14-74 
-16.50 
-21.47 
-26.90 
-30.24 
-18.96 
-15.10 
-  20 . 40 
-26.60 


km 

+  2.78 
-0.83 
-I. 14 

—  0.04 
-1-52 

+4-23 
+0.86 
-1. 41 

+0.44 
+1.32 

—  1.2^ 


Period  and  elements  of  the  orbit. — An  examination  of  the  radial 
velocities  showed  that  the  period  must  be  short,  but  I  failed  to  hnd 
any  period  that  would  fit  them  all  until  on  July  16,  1920,  I  secured 
in  one  night  a  series  of  eleven  plates  from  which  the  period  was 
found  equal  to  o^  1425  (or  3^25'?2) .  The  results  of  the  observations 
and  measurements  for  this  date  are  collected  in  Table  I.  Mr. 
Frank  R.  Sullivan,  engineer  in  charge  of  the  40-inch  telescope, 
assisted  me  in  securing  the  plates.     Under  n  are  given  the  number 

'  Harvard  Annals,  50,  181. 
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of  lines  measured  for  each  plate.  Vc  is  the  computed  radial  velocity 
and  O— C  the  difference  between  the  observed  and  the  computed 
radial  velocity.     With  the  foregoing  data  and  the  Lehmann-Filhes 

Km/sec. 


-30 


/    I  °^ 

/  \  ° 

\  I  o     \  &, 

i  !  \         f 

o    \ 

V  o     / 


0.00  davs 


Fig.  I. — Velocit\'-curve  of  65  t  Cygni 


method,  I  obtained  the  following  elements  for  the  orbit  of  the  spec- 
troscopic binary, 

^=0^1425  r= J. D.  2,422,522.641 

co=  263^0  a  sin  z=  14,924  km 

6=0.306  iir=8.o  km/sec. 

M=(7X36o°)+6?333  7= -22.0  km/sec. 

Owing  to  the  possibility  of  rapid  changes  in  the  amphtude  and  shape 
of  the  velocity-curve,  similar  to  those  found  by  Mr.  R.  K.  Young^ 
in  the  case  of  12  Lacertae,  I  did  not  try  to  reduce  to  one  period 
all  the  obervations  obtained  during  this  year.  Nevertheless,  I 
attempted  to  improve  the  period  above,  deduced  from  a  single 
night's  observations,  by  using  short  series  of  plates  taken  on 
March  29,  April  5,  6,  and  June  18  of  this  year.  A  period  of 
o .  14265  day  seems  to  represent  all  these  observations  in  a  satisfac- 

'  Puhlications  of  the  Dominion  Astropkysical  Observatory,  Victoria,  i,  No.  2. 
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tory  way.     This  value  of  P  corresponding  to  3''25™4  is  the  shortest 
period  thus  far  found  for  any  spectroscopic  binary. 

The  value  of  a  sin  i. — The  value  of  a  sin  i  for  r  Cygni  is  extremely 
small,  almost  equal  to  the  earth's  diameter.  This  is  also  the  case 
for  all  the  spectroscopic  binaries  of  very  short  period,  like  /S  Cephei, 
12  Lacertae,  /3  Canis  Majoris,  etc.  The  value  of  the  semi-major 
axis  a  itself  remains  unknown  as  long  as  the  inclination  is  not  deter- 
mined. But  since  the  average  value  of  sin  i  cannot  be  very  small, 
this  is  an  indication  that  a  is  also  small. 

The  combined  magnitude  of  the  spectroscopic  binary  is  3^82. 
As  no  lines  of  the  spectroscopic  companion  are  recorded,  we  infer 
that  its  magnitude  cannot  be  more  than  5.5.  Consequently  the 
magnitude  of  the  bright  component  cannot  be  less  than  4.0. 
Accepting  this  lowest  limit,  I  found  that  the  absolute  magnitude  of 
this  bright  component  is  i .  5  (by  using  the  formula  M  =  w + 5  -|-  5  log  tt 
and  adopting  a  parallax  of  ©''03 1  given  by  Adams).'  As  the 
absolute  magnitude  of  the  sun  is  5  .5,  it  follows  that  the  difference 
in  brightness  between  those  two  stars  is  2  .5'*  °  =  39.8i.  If  now 
we  suppose  that  equal  surfaces  of  the  sun  and  of  the  bright 
component  of  the  spectroscopic  binary  emit  the  same  quantity 
of  light,^  we  deduce  that  the  surface  of  the  latter  is  forty  times 
the  surface  of  the  sun,  and  consequently  the  diameter  of  the 
star  is  about  6.3  times  the  diameter  of  the  sun,  i.e.,  equal  to 
6.3X1 ,400,000  =  8,820,000  km. 
Let  us  now  call 

M  =the  mass  of  the  bright  component 
mi  =  the  mass  of  the  spectroscopic  companion 
m2  =  the  mass  of  the  visual  companion 
X  =  distance  between  the  bright  component  and  its 
spectroscopic  companion 

Supposing  the  semi-major  axis  of  the  visual  orbit  to  be  i  we  get, 
the  period  being  47  years: 

47      \^     M-\-mi-\-m2     I 


0.00039/  M-^-m^        x^' 

■  The  values  of  the  trigonometric  parallax  of  r  Cygni  present  large  discrepancies. 
I  adopted  the  value  of  o''o3i  given  by  Adams  and  Joy  in  Contributions  from  the  Mount 
Wilson  Observatory,  No.  142. 

^  The  spectral  type  of  65  t  Cygni  being  Fo. 
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G.  Van  Biesbroeck^  obtained  as  a  value  of  the  mass- ratio  in  the 
visual  binary : 

Consequently, 

0:^  =  0.53  (0.00039  '47)^  and  :v  =  0.000418. 

If  we  adopt  7r  =  o!o3i  as  we  did  before,  and  ©''gi  as  the  value  of 

the  semi-major  axis  of  the  visual  orbit,  we  find 

0^  =  0.000418X0.91X149,000,000/0.031  =  1,830,000  km,    or 

0.0123  astronomical  units,  and  for  the  mass  of  the  spectroscopic 

system : 

x^       (o  012^)^ 

M+nii  =  ^,  =  -^ ^  =12.2  times  the  mass  of  the  sun. 

P      (0.00039)^ 

All  these  values  seem  very  reasonable,  but  we  must  hot  forget 
the  uncertainty  of  the  determinations  of  the  parallax.  The  dis- 
tance X  is  inversely  proportional  to  the  adopted  parallax,  and  the 
total  mass  of  the  spectroscopic  binary  varies  as  the  reciprocal  of 
the  cube  of  the  parallax. 

As  we  saw,  the  bright  component  must  be  larger  than  our  sun, 
i.e.,  larger  than  the  distance  x  between  the  former  and  its  spectro- 
scopic companion.  In  that  case,  we  have  necessarily  to  do  with 
a  pear-shaped  body.  But  how  could  we  explain  the  periodic 
shifting  of  the  spectral  lines  of  a  pear-shaped  body  ?  Such  a  body 
would  evidently  give  diffuse  lines,  but  without  variable  displace- 
ments. In  order  to  reconcile  these  conflicting  conclusions,  attempt 
was  made  to  study  the  problem  on  the  assumption  of  a  single 
pulsating  body.  Unfortunately  the  deficiency  of  sufficient  data 
does  not  enable  us  to  get  any  positive  result.  By  means  of  Lord 
Kelvin's-  formula 

where  T„  is  the  period  of  oscillation  of  the  harmonic  of  order  n,  a  is 
the  radius  of  the  sun,  g  is  the  surface  gravity.     Professor  F.  R. 

'  Astronomical  Journal,  29,  173,  1916. 
^Philosophical  Transactions,  153,  612,  1863. 
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Moulton'  lands  for  our  sun  a  pulsation  period  of  3''8'"  (o*^  13056), 
whence  we  see  that  in  the  case  of  65  r  Cygni  its  period  of  0*^1425 
may  just  as  well  be  explained  by  the  pulsation  hypothesis.  Professor 
Moulton,  examining  the  effects  of  oscillations  of  the  sun  upon  its 
temperature  and  rate  of  radiation,  concludes  that:  "If  the  sun  were 
undergoing  a  dilatational  oscillation  of  extreme  range  of  o''i  in 
diameter  (i.e.,  70  km),  the  rate  of  radiation  at  minimum  radius 
would  be  2  .  56  times  that  at  maximum  radius.  That  is,  the  vari- 
ation would  be  more  than  one  star  magnitude."  If  we  suppose 
65  r  Cygni  to  be  a  pulsating  star,  we  can  lind  a  rough  value  of  the 
semi-amplitude  of  the  harmonic  motion  of  a  molecule  on  the  surface 
of  the  star  by  means  of  the  known  formula  of  the  harmonic 
undamped  motion 

z;=27r.4/r'COS  2ir't/T, 

where  v  is  the  velocity  at  the  time  /;  T  is  the  period  of  oscillation ; 
A  is  the  semi-amplitude  of  the  oscillation.  The  maximun  velocity 
of  this  molecule  is  given  by  the  formula 

V=2TrA/T 

and  it  is  of  course  equal  to  A',  half  the  range  of  the  observed 
radial  velocities  {v  =  K  =  S  km/sec.) .  Consequently  2 A  =  30,730  km, 
as  against  70  km  as  the  upper  limit  for  the  sun,  and  still  the  star  is 
not  known  to  be  variable. 

In  any  case,  it  seems  that  the  results  concerning  the  short-period 
spectroscopic  binaries  begin  to  open  a  new  view  as  to  the  evolution 
of  the  stellar  systems. 

In  closing,  the  author  wishes  to  express  his  indebtedness  to 
Professor  Edwin  B.  Frost,  Director  of  the  Yerkes  Observatory, 
and  to  Professor  G.  Van  Biesbroeck,  for  their  interest  and  sug- 
gestions during  the  progress  of  the  present  work. 

Yerkes  Observatory 
September  1920 

'  Astro  physical  Journal,  29,  261,  1909. 


THE    VACUUM-SPARK    SPECTRA    IX    THE    EXTREME 
ULTRA-VIOLET  OF  CARBOX,  IROX,  AXD  XICKEL 

By  R.  a.  MILLIKAX,  I.  S.  BOWEX,  axd  R.  A.  SAWYER 
ABSTRACT 

Spectroscopy  of  the  extreme  ultra-violet. — (i)  A  concave  grating  to  be  suitable  for 
work  in  this  region  must  satisfy  far  more  rigorous  demands  than  for  work  in  the  \-isible 
and  should  throw  most  of  the  light  into  the  first-order  spectrum.  The  authors  there- 
fore had  some  gratings  ruled  with  great  precision  and  with  a  light  touch  so  that  about 
half  the  original  surface  was  left  between  the  rulings.  It  was  not  found  practical  to 
increase  the  number  of  lines  to  more  than  iioo  per  mm.  (2)  Measurement  of  the 
li'ave-lengths.  Equations  for  the  corrections  to  be  applied  to  plate  measurements 
because  of  the  flatness  of  the  plate  and  its  inclination  to  the  axis  of  the  grating  are 
derived,  and  the  use  of  spectrum  lines  of  higher  order  to  determine  this  angle  of  inclina- 
tion is  explained. 

Vacuum-spark  spectra  of  carbon,  iron,  and  nickel  in  the  extreme  ultra-violet. — The 
intensities  and  wave-lengths,  accurate  to  about  o.  2  A,  of  about  75  lines  due  to  carbon 
(X  36C1-X  1931),  of  about  200  lines  due  to  iron  (X  271-X  2153),  and  of  about  75  lines 
due  to  nickel  (X  731-X  i860)  are  given  in  Tables  I-III. 

In  preceding  papers'  report  has  been  made  upon  the  development 
of  a  method  for  the  extension  of  the  study  of  spectra  into  hitherto- 
imexplored  regions  of  the  ultra-violet  and  upon  some  of  the  most 
important  of  the  results  which  have  thus  far  come  from  this  study. 
The  present  paper  deals:  (i)  with  the  ruhng  of  gratings  suitable 
for  work  with  very  short  wave-lengths,  (2)  with  the  technique  of 
the  measurement  of  wave-lengths  in  this  region,  and  (3)  with  a 
detailed  tabular  statement  of  the  character  of  the  spectra  emitted 
by  the  atoms  of  carbon,  iron,  and  nickel. 

I.      THE    GRATING   PROBLEM 

In  the  ordinary  process  of  ruling  gratings  for  work  in  the  visible 
portion  of  the  spectrum  the  surface  of  the  grating  is  entirely  cut 
away  by  the  point  of  the  diamond  and  the  spectrum  is  produced  b}- 
reflections  from  a  series  of  new  surfaces  formed  by  the  facets  of 
the  diamond.     This  in  general  throws  the  major  portion  of  the 

^  Astrophysical  Journal,  52,  47,  1920,  and  52,  286,  1920;  Physical  Revieiv,  12, 
168,  1918,  and  Science,  19,  138,  1919. 
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light  into  a  spectrum  of  higher  order  than  the  first,  an  indispensable 
condition  for  the  high  resolution  upon  which  the  excellence  of  a 
grating  ordinarily  depends.  For  work  in  exploring  the  extreme 
ultra-violet,  on  the  other  hand,  the  overlapping  of  spectra  renders 
all  spectra  save  that  of  the  lirst  order  well-nigh  useless,  so  that  it 
becomes  indispensable  to  throw  the  major  portion  of  the  Hght 
into  that  order. 

Again  the  ratio  of  grating-space  to  wave-length  is  ordinarily 
of  the  order  of  4  or  5  to  i.  In  the  case  of  the  shortest  wave- 
lengths which  have  been  obtained  in  the  present  work  this  ratio  is 
more  than  100  to  i.  This  condition  clearly  imposes  immensely 
greater  demands  upon  the  perfection  of  the  reflecting  surface  and 
the  exact  identity  of  the  rulings  than  are  imposed  by  work  in  the 
visible  region. 

We  therefore  soon  discovered  that  gratings  which  were  excellent 
for  work  in  the  visible  and  of  which  we  had  high  hopes  for  this  work 
were  altogether  useless.  We  accordingly  tried  the  expedient  of 
ruling  our  gratings  with  a  very  "light  touch"  so  as  to  leave  a 
portion  of  the  original  surface  functioning  in  the  production  of  the 
spectra.  If  by  such  a  procedure  we  succeed  in  cutting  away  just 
half  of  the  surface,  for  example,  the  whole  light  will  be  thrown  into 
the  central  image  and  into  the  odd  orders  in  the  intensity  ratios  i, 
0,4,  0.05,  etc.,  the  energy  falling  off  as  the  inverse  square  of  the 
order  (always  odd).  The  gratings  with  which  we  have  succeeded 
in  obtaining  our  shortest  wave-lengths  have  been  ruled  as  nearly 
as  possible  in  this  way. 

On  account  of  the  necessity  of  leaving  between  the  rulings  a 
portion  of  the  original  surface  no  particular  success  has  been  had  in 
increasing  the  number  of  lines  to  the  mm.  The  largest  number  used 
has  been  iioo  per  mm,  and  the  usual  number  about  500. 

II.       THE    MEASUREMENT    OF    WAVE-LEXGTHS 

Since  for  these  short  waves,  incident  nearly  perpendicularly 
upon  the  grating,  the  spectra  are  very  close  to  the  so-called  7tor- 
mal  type,  the  first  procedure  in  the  determination  of  wave-length 
has  been  to  find  the  approximate  wave-length  X'  of  ever}'  new 
line  by   means   of   a  grating-constant   obtained  b}^   dividing   the 
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wave-length  of  the  standard  Al  lines  XX  1854.  7  and  1862.  7  by  their 
measured  distances  from  the  central  image.  These  two  standard 
hnes  were  in  general  just  obtainable  at  one  end  of  our  photographic 
plates  when  the  central  image  was  near  the  other  end,  their  dis- 
tances from  the  central  image  being  about  8  cm,  when  the  focal 
length  of  the  grating  was  83.5  cm  and  the  grating-constant  505 
lines  per  mm. 

To  the  approximate  wave-length  X'  thus  obtained  were  apphed 
corrections  to  take  account  of  the  facts  (i)  that  the  photographic 

plate  was  straight  instead  of 
curved,  and  (2)  that  it  might 
be  slightly  inclined  to  the  normal 
to  the  grating.  These  correc- 
tions were  obtained  as  follows 
(see  Fig.  i) : 
Let 

A     be  the  center  of  the  grating 
CE  the  photographic  plate 
AB  the  axis  of  the  grating 
AC  the  path  of  a   ray  to  the 

central  image  of  the  sUt 
AD  the  path  of  a  ray  to  any 

spectral  line 
5  =  the  grating-space 
X  =the    true    wave-length    of 

any  line 
X'  =  the  approximate  wave- 
length of  any  line  as  given 
by  the  assumption  of  a 
normal  spectrum 
Xo=the  wave-length  corre- 
sponding to  a  line  at  B  on 
the  normal  to  the  grating 


And  let 


Fig.  I 

AB  =  l 
AD  =  a 
AC  =  b 
CD=c 
DB  =  d 


and 


BAC=a 
BAD  =  fi 

CBA  =  --\-e 

2 
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Then  by  the  simple  theory  of  the  grating 

X      .  .    . 

=  sin  a— sinp 

also  since  Xo  is  that  wave-length  for  which  sin  jS  =  o 
X„      . 


But 


sm  a  =  -^ —  sin 
0 


.'.    from  (i) 

and    from  (2) 
Di\'iding  (3)  by  (4) 


sin/8=^sin(0+'') 


Xo       C+d     .       /„   ,    TT 

—  =  — T—  sm    d-\-- 
s        0  \       2 


\  _a(c-\-d)  —  bd 
Xo        (c-\-d)a 

ac-\-{a—h)d 


a{c-\-d) 


c 
"c+d 


i-f 


{a-h)d 


1 


But  by  the  assumption  of  linearity  of  scale 


V^    c 

Xo     c-{-d 


:.    \=\' 


aj  c 


But 


j=l  /2+(c+J)^+2/(c+J)  sine 


a=Vl^-\-d^+2ld%md 


(i) 


(2) 


(3) 
(4) 


(5) 
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Or,  expanding  and  dropping  terms  of  higher  orders, 

b  =  l 


a  =  l 


^^f)Vf 


Dividing 


Again  expanding  and  dropping  terms  of  higher  orders, 

b  (c-\-dy-d'    c   .    . 

a  2i^  I  ■ 

Substituting  this  value  for     in  (5) 


_   J        \  c+2d    %me  /    ] 


which  gives  as  the  correction  term 


\    \'-     wi  C-J-2J    sine  I 


Obviously  the  last  part  vanishes  if  0  =  0,  i.e.,  if  AB  is  normal  to  CE. 
Hence,  the  correction  for  a  flat  plate  is  merely 


(6) 


And  for  an  angle  6,  if  present,  it  is 

\'d  .    , 
p  sin0 


(7) 


THE  ULTRA-VIOLET  SPECTRA  OF  C,  Fe,  AND  Ni 


155 


In  general  sin  d  can,  if  desired,  be  made  so  small  that  the  cor- 
rections contained  in  (7)  need  not  be  used  at  all.  (See,  however, 
below.)  To  obtain  the  corrections  corresponding  to  (6)  the  point 
B  was  first  located  by  taking  half  the  distance  between  the  slit  E 
and  its  direct  image  C.  Then  with  the  measured  values  of  c  and  d 
the  correction  curve  for  (6)  was  plotted  using  X-X'  as  ordinates  and 
X'  as  abscissae.  This  curve  is  shown  in  Figure  2.  A  hne  was  then 
drawn  from  the  origin  to  the  point  on  the  curve  corresponding  to 

x-x' 


0.8 


0.4 


-0.4 


-0.8 


-^ 

^ 

^^ 
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/ 

,^ 

^^ 

/ 

\ 

/ 

\ 
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/ 

/ 

N 

■ — 

^ 

y 

400 


800  \20C 

Fig.  2 


i6co 


X' 


the  standard  wave-length  1854.7.  The  distance  between  this 
line  and  the  curve  then  represents  the  correction  term  required  for 
any  wave-length. 

In  practice  the  foregoing  procedure  was  somewhat  modi- 
fied because  of  the  appearance  on  the  plates  of  second  and  higher 
orders  of  some  of  the  stronger  hues.  With  the  aid  of  the  values  of 
X'  and  the  corrections  obtained  from  Figure  2,  all  lines  which 
appeared  in  more  than  one  order  were  located  wdth  an  error  of 
not  more  than  0.5  A.  A  systematic  departure  from  an  exact 
multiple  relationship  between  these  measurements  meant  that 
the  angle  Q  of  equation  7  was  not  quite  zero.  To  find  its  most 
probable  value  a  curve  corresponding  to  (7)  was  plotted  with  sin  Q 
taken  arbitrarily  as  o.oi.  This  curve  is  shown  in  Figure  3.  If 
then  the  dift'erence  between  a  measurement  on  a  first-order  line 
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and  one-half  of  the  corresponding  measurement  on  a  second- 
order  hne  was  on  the  average  the  value  found  in  the  curve  of 
Figure  3,  the  value  of  sin  6  was  considered  to  be  o. 01.      If  it  was 
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Fig.  3 


twice  the  value  found  in  Figure  3,  sin  0  was  taken  as  o .  02,  etc.  The 
whole  series  of  wave-lengths  obtained  with  the  aid  of  (6)  was  then 
corrected  with  the  aid  of  (7),  using  the  value  of  sin  Q  obtained  in 
this  way  from  these  spectra  of  higher  orders. 
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III.      SPECTRA   OF   IRON,    CARBON,  AND    NICKEL 

TABLE  I 
Iron  Spectrum 


Intensity 

oO? 

I 

2 

2 

o 

oO? 

2 

2 

I 

I 

o 

o 

5 

I 

4 

qC? 

9C? 

4O'?.'.'.'.'.'.'. 

3 

2 

2 

4 

3 

3 

I 

3 

3 

o 

I 

j'c?.:.'.'.'.'. 

7 

I 

I 

3 

3 

so'?. '.'..'.'.'. 

3 

I 

o 

3C? 

4O? 

4 

9O? 

I 

1  C? 

o 

I 

I 

2  C? 


271-5 
290.8 

294-3 
297-3 
301.0 
304.0 
308.5 
311. 8 
330.5 
334-5 
357-6 
361.6 
365-8 
377-1 
381. 1 
385-2 
387.7 
392-9 
395-6 
400.8 
407-2 
411 . 1 

417-5 
422.0 
426.5 
445-5 
502.4 
506.7 
519-2 
529-4 
531-7 


562.1 
565-7 
569-8 
577-3 
580.2 
584.0 
588.2 

590.9 
594-2 
598.1 
602.4 
609. 1 
612.8 
632.9 
636.9 
639.6 
646.4 

654-5 
661.8 


Intensity 
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4 

4 
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1  .  .  .  . 

3.  ..  . 

2  Si? 
2  Si? 

1 .  .  .  . 

2.  .  .  . 

6.... 

2.  .  .  . 

I .  .  .  . 

4 


663.3 
666.9 

669.9 

680.2 

691.  2 

694.0 

696.8 
723.1 
729.9 

739.8 

749-7 
760.8 
808.2 

813-7 

816.7 

820.1 

823.4. 

837.8 

841. 1 

845.0 

847.7 
851.8 

854.9 
859-9 
863.2 
869.1 
873-6 
876.3 
880.6 
884.1 
VS91 . 2 
899-3 
911.5 
929.  2 
934.8 
937.7 
944.4 
950.2 

955-3 
962.4 
967.0 

971.5 

981.2 

983.8 

994.0 

997.8 

1000.3 

1006.0 

1017.6 

1021 .8 

1026.0 


1031 
1062 


Intensity 

O 

I 

I 
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I 
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o 

o 

o 

I 

2 

o'c '?"..'!;'' 

I 

2 

O 

2 

2 

I 
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I 

O 
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O 

O 
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I 
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I 

2  C? 

I 
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I 
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I 

2 

I 

O 

O 

I 
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III7 

II25 
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II53 

II58 

I166 

I169 

II72 

II79 

II82 

I186 

II92 

1 194 

I2I2 

1228 

1238 

1254 

1260 

1266 

1272 

1277 

1285 

I  291 

1297 

I3OI 

1309. 

I3II. 

1315- 

1317- 

I32I. 

1345 
1348. 
1358. 
I361, 
1365 
1373 
1376 

1387. 
1409 

I415 
1430 
1440 

T449 
U56 
1465 
1469 
1472 

1525 
15^2 

1538 
1542 
1556 
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Intensity 

X 

Intensity 

X 

Intensity 

X 

1563-6 
1568.6 
1576.6 
1580.3 
1584-7 
I59I-7 
1595-2 
1597-7 
1601.5 
1609.3 
I6I5.4 

1622. 2 
1626.8 
1630.9 
1639.9 
1646.8 
1656.7 
1658.8 
1662.5 

1673-3 
1676.0 
1681.3 
1687.2 
1690.7 

1695-3 
1702. 2 

I 

I7IO.6 
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1724.0 
1746.9 
1770.2 

1775-9 
1786. I 

1787-5 
1792-8 
1797.9 
1827.6 
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1850.0 
1860.0 
1870.8 
1877.6 
1881.9 
1891.0 
1895.6 
1901.1 
1907.0 
1910.2 
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1917.9 
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1926.4 

2  C? 
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2 

I 

I 

2 
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1950.6 
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I 

0 

I 

I 

2 

0 
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I 
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I 

I 
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0 

I 

I 

I 
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I 
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I 

I 

0 
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I 

0 
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0 
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I 
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2 
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0 
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0 

2108. 2 

o          
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O                           ... 
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TABLE  II 
Carbon  Spectrtju 


Intensity 
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2 

3 

3 

6 

3 

5 
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3 

5 

6 

o 

8 

o 
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360.  s 
372.1 
384.4 
386.4 
419.8 
450.9 

459-7 
493-7 
499.7 
511.7 
517.6 
530-3 
533-3 
538.4 
543  ■  5 
549-6 
560.5 
564-7 
574-5 
585-7 
595-1 
600.  2 

609.5 
636.3 
641.8 
651-5 
661.5 
687.3 
711 .0 
743-6 


Intensity 

oO? 

I 

5 

6 

5 

o 

5 

I 

10 

I 

4 

o 

o 

o 

12 

2O.  N?.. 
10 

I 

12 

8  Si  ? 

3O,  N?.. 

3 

3  Si,  Ca?. 

2 

3 

4 

15 

3 

5  Ca  ? 


749 

786 

799 
806 
810 
848 
858 


904.1 

936.4 

945-6 

954-4 

960.6 

966.6 

977.1 

991. 1 

1010. 2 

1022.8 

1036.7 

1066.0 

1085.3 

IOQ2.6 

I 109. 6 
nil  .3 

1137.4 
1141-5 
II75.6 
1194. I 

1206.6 
1230.2 


Intensity 


3 

5 

2  Si  ? 

2 

3  Si,  Ca? 

I 

2 

7 

15 

s'Ca?.!': 

4  Si,  Ca  ? 
4  Si,  Ca  ? 

I 

I 

2 

I 

4 

3 

5 

iB?..'!.^ 

5 

2 

I 

o 

7 


1247-S 
1262.4 
1278.7 
1294.9 
1296.8 
1299. 2 
1310.5 
1322.3 
1323-7 
1335-0 
1356.2 
1362.6 

1393.9 
1402.9 
1426.9 
1432.2 

1463.7 

1482. 1 
1548.8 
1550.9 
1561.3 
1577-6 
1624.3 
1657.6 

1752.3 
1827.3 

1910. 2 
1931.1 
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TABLE  III 

Nickel  Spectrum* 


Intensity 

X 

Intensity 

X 

Intensity 

X 

0                

731-0 
786.2 
861.0 

944-7 
1072.7 
1079.0 
1084.0 
1091 .6 
I 100. 6 
1107.2 
1118.0 
1224.4 
1234.2 
1245.0 
1253-0 
1265.9 
1277.0 
1306.7 
1314.6 
1318.4 
1346.6 
1351-2 
1357-3 
1364-3 
1372.2 
1382.4 
1386.6 
1398-5 
1411-3 

I 

I 

I 

0 

I 

I 

I 

0 

I 

0 

1417.1 
1420.9 
1429.0 

1430.9 
1435-2 
1439-6 
1445-4 
1449-5 
1452.8 
1455-6 
1462.6 
1468.9 
1477-6 
1483  -  5 
1490.6 
1494.0 
1499-7 
1513-8 
1517-S 
1521.6 

1527-4 
1535-6 
15.39- 1 
1544-3 
1561.5 
1606.3 
1613.0 
1621.2 
1653-8 

0 

I 

I  .  .  ■ 

2 

2 

1662.7 

0  C? 

1673 
1688 

1693 

1708 

I7I0 
I7I6 

1720 

1724 

1734 
1739 
1742 

1748 
1753 
1765 
1770 

1777 
1789 
1792 

1795 
I8I2 
1820 
1824 
I83I 
1848 
1850 

1855 

1859 

2 

0                

9 

0  c? 

•1 

4 

I          

2 

2 

I 

9 

I  c? 

, 

I 

0 

0 

I 

2 

I 

I 

4 

I 

7 

I 

I 

0 

I 

2 

2 

- 

i 

. 

2 

3 
0 

2 

I  Al  ? 

I 

I                       

I 

0 

I 

2 

I 

0 

I 

I 
I 

I 

0 

I 

7 

0                      

3 
2 

0 .  .  . 

I                         

0 

I 

I  c? 

I 

0 

0                      

I 

0 

I                            ... 

0 

0 

I  Al  ? 

5 

0                            ... 

I  Al  ? 

0  Al  ? 

2 

2 

0   

0 

7 

2 

I 

*The  spectrum  of  nickel  between   700  and   200  angstroms,  to  which  point  it  has  recently  been 
carried,  will  be  reported  upon  later. 
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INTENSITY  DIFFERENCES  IN  FURNACE  AND  ARC 

AMONG  THE  COMPONENT  SERIES  IN 

BAND  SPECTRA' 

By  ARTHUR  S.  KING 
ABSTRACT 

Inlensity  differences  between  band  spectra  emitted  by  electric  furnace  and  by  arc. — 
Large-scale  photographs  of  the  "cyanogen"  band  at  X  jS8j,  made  in  the  third  order  of 
a  30-foot  spectrograph,  showed  the  Ai  series  of  lines  is  enhanced  over  the  A2  series  so 
as  to  become  the  dominant  series  (Plate  II).  Also  some  new  faint  doublet  appeared. 
The  two  series,  then,  seem  not  to  belong  to  the  same  temperature  class,  and  maj'  be 
expected  to  be  differently  affected  by  pressure,  etc.  The  "cyanogen"  band  at  \4216 
also  showed  similar  changes.  In  the  Swan  band  X  516^  the  triplet  series  is  enhanced 
in  the  furnace  spectrum  with  reference  to  the  adjacent  doublet  series. 

In  spectrograms  of  moderate  dispersion  in  which  the  spectrum 
of  the  electric  furnace  was  photographed  with  comparison  arc 
spectra,  it  was  noted  that  the  ''cyanogen"  band  X3883,  which 
frequently  appeared,  showed  an  apparent  difference  in  structure, 
the  component  lines  seeming  to  be  more  numerous  in  the  furnace 
when  the  general  intensity  was  about  the  same  for  both  sources. 
Closer  examination  showed  this  to  be  due  to  an  intensification  in 
the  furnace  of  band  lines  which  are  present  but  relatively  faint  in 
the  arc. 

Since  the  phenomenon  indicated  a  variability  among  band  lines 
similar  to  that  generally  observed  for  line  spectra  given  by  arc 
and  furnace,  the  nature  of  the  difference  was  investigated  with 
higher  dispersion,  the  third  order  of  the  30-foot  plane  grating 
spectrograph  being  used.  As  this  band  is  emitted  more  strongly 
at  atmospheric  pressure  than  in  the  vacuum  furnace,  and  as  it  was 
desirable  furthermore  to  avoid  differences  of  pressure,  a  new  furnace 
built  to  stand  long  exposures  at  high  temperatures  was  employed. 
In  this,  the  graphite  tube  is  supported  in  large  bronze  holders,  cast 
hollow  for  water-cooling,  with  graphite  bushings  around  the  ends 
of  the  tube.  The  heated  portion  of  the  tube  is  protected  merely 
by  a  cast-iron  water  jacket  which  retards  the  wasting  away  of  the 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  194. 

161 


1 62  ARTHUR  S.  KING 

tube  by  preventing  active  circulation  of  air.  Large-scale  photo- 
graphs were  thus  secured  for  tube  temperatures  of  approximately 
2700°,  2500°,  and  2350°  C,  a  spectrum  of  the  carbon  arc  being 
taken  in  each  case  adjacent  to  that  of  the  furnace. 

The  portion  of  the  band  between  the  first  and  second  heads, 
being  free  from  the  overlapping  which  occurs  beyond  the  second 
head,  was  most  suitable  for  comparison.  It  was  clear  that  the 
different  appearance  in  furnace  and  arc  is  due  to  an  enhancement 
in  the  furnace  of  the  series  of  lines  designated  by  Uhler  and  Pat- 
terson^ as  "Ai."  This  is  weaker  in  the  arc  than  the  "A^"  series, 
composed  of  doublets,  up  to  a  point  not  far  from  the  head  of  X3883, 
some  lines  of  the  Ai  series  being  very  faint  in  a  normally  exposed 
arc  spectrum.  In  the  furnace,  Ai  is  the  dominant  series.  At  2350°, 
the  Ai  lines  are  nearly  twice  as  strong  as  those  of  the  A^  series.  At 
2500°,  reversals  begin  for  both  series,  but  a  much  larger  proportion 
of  the  Ai  lines  is  reversed.  At  2700°,  almost  all  members  of  both 
series  are  reversed,  the  reversals  of  Ai  lines  being  decidedly  wider. 

Plate  II  shows  the  section  of  the  band  most  favorable  for 
examination,  with  the  furnace  spectrum  at  2500°  between  two  arc 
spectra  of  different  exposures. 

In  the  following  table  a  comparison  is  given  of  the  band  lines 
of  arc  and  furnace  for  a  portion  of  this  region.  The  wave-lengths 
are  those  of  Uhler  and  Patterson,  and  the  series  symbols  and 
intensities  for  the  arc  lines  are  also  taken  from  their  paper.  F  and 
f  indicate  degrees  of  faintness,  while  u\  m,  and  i  signify  weak, 
medium,  and  strong,  respectively.  The  same  gradation  is  adopted 
for  the  furnace  spectrum  and  degrees  of  reversal  are  indicated 
by  ;-  and  R.  The  intensity  relations  for  the  remaining  lines  up 
to  the  head  at  X  3883  are  similar  to  those  of  the  last  three  lines  in 
the  table. 

In  addition  to  strengthening  the  Ai  series  (and  perhaps  others 
beyond  the  second  head),  a  series  of  faint  doublets,  not  quite 
strong  enough  to  measure,  appears  in  the  furnace  band  between 
XX  3871  and  3875.  These  do  not  show  in  the  arc  band  even  when 
this  is  very  strong.  The  furnace  thus  appears  to  be  especially 
effective  in  bringing  out  the  full  structure  of  a  band. 

'  Astro  physical  Journal,  42,  434,  1915. 
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An  examination  of  the  "cyanogen"  band  at  X  4216  and  that  at 
X  5165  belonging  to  the  Swan  spectrum,  the  latter  being  photo- 
graphed in  furnace  and  arc  under  high  dispersion,  showed  in  each 
case  a  strengthening  of  certain  series  by  the  furnace.     The  triplet 

TABLE  I 
Intensities  of  Band  Lines  in  Arc  and  Furnace 


Series 


Arc  (U  and  P) 


Furnace 


3872 

3873 
3874 

3875 
3876 
3877 

3878 


057- 
180. 
252. 
739- 
965- 
371- 
501- 
567. 
004. 
123. 
190. 
602. 
727. 
791. 
310. 

375- 
772. 

873- 
939- 
315- 
415- 
481. 

843 

938. 

005. 

351- 
446. 
506. 
832. 

925- 
989. 

303- 
389- 
448. 
749- 
828. 


Ax 

A. 
A. 
A. 
A. 
Ax 
A. 
A. 
Ax 
A. 
A3 
Ax 
A. 
A. 
A. 
A. 
Ax 
A. 
A. 
Ax 
A. 
A. 
Ax 
A. 
A. 
Ax 
A. 

Aa 
Ax 

A. 
A, 
Ax 
A3 
A3 
Ax 
A3 
A3 


R 

I  r 
i  r 


'■  Double  violet  component  reversed  in  furnace. 


series  proceeding  from  the  head  at  X  5165  is  enhanced  in  the  furnace 
to  about  the  intensity  of  the  strongest  line  of  the  adjacent  doublet 
series,  thus  doing  away  with  the  contrast  which  the  arc  shows  on 
account  of  the  predominance  of  the  doublet  series. 
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The  question  as  to  whether  temperature  produces  the  difference 
between  furnace  and  arc  cannot  well  be  tested  at  present,  on  account 
of  the  great  increase  in  vapor  density,  with  resulting  reversals,  when 
the  graphite  tube  is  heated  to  high  temperature.  A  considerable 
difference  in  temperature,  such  as  between  2300°  and  2700°, 
involves  the  uncertainty  of  comparing  sharp  and  reversed  lines. 
The  difference  between  furnace  and  arc  indicates,  however,  that 
the  contrasted  series  belong  in  different  temperature  classes.  If 
so,  there  should  be  a  difference  in  their  response  to  displacing 
agencies  such  as  pressure  or  those  electrical  actions  which  aft"ect 
wave-length,  since,  for  the  line-spectra  of  metals,  lines  relatively 
strong  in  the  furnace  are  less  subject  to  displacements. 

A  further  feature  resulting  from  the  fact  that  the  lines  composing 
a  band  do  not  behave  as  a  unit  is  that  this  dissimilarity  must  be 
taken  into  account  in  atomic  models  designed  to  explain  the 
radiation  of  band  spectra.  A  considerable  degree  of  independence 
evidently  exists  between  the  centers  emitting  the  component 
series  of  a  band  which  itself  is  a  member  of  a  family  of  bands. 

Mount  Wilson  Observatory 
September  1920 


ELEMENTS  OF  THE  ECLIPSING  SYSTEM 
SX  CASSIOPEIAE 

By  MARY  FOWLER' 

ABSTRACT 

Eclipsing  syslem  SX  Cassiopeiac. — From  the  normals  obtained  from  the  later 
(1915)  observations  of  Luizet,  the  elements  of  the  system  have  been  computed  (Table  II). 
The  light-curve  at  the  minima  is  given  and  also  a  picture  of  the  system.  The  stars  are 
both  giants  with  radii  about  13  and  10,  and  brightness  about  100  and  24,  respectively, 
in  terms  of  the  sun.     The  primary  eclipse  is  annular,  the  secondar>'  total. 

For  this  star  (a  =  o*'5'"5,  5  =  +54°2o'  for  1900.0)  Shapley^ 
published  elements  based  on  observations  by  Luizet,^  and  Luizet 
later"*  published  further  observations,  upon  which  the  present 
elements  are  based.     These  observations  are  not  so  numerous  as 
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Fig.  I. — Light-curve  of  SX  Cassiopeiae  at  the  eclipses 

those  for  RT  Lacertae,  nor  do  they  give  as  smooth  a  curve,  par- 
ticularly around  secondary  minimum.  They  are  reduced  to  the 
magnitude  scale  in  the  same  way  as  those  for  RT  Lacertae,  but 
in  this  case  Luizet's  normals  are  taken  singly,  not  in  pairs. 

'  This  paper  was  chiefly  prepared  by  Miss  Fowler  before  the  war,  and  completed 
by  me  at  Professor  Russell 's  request. — Bancroft  Walker  Sitterly. 

^  Contributions  from  the  Princeton  University  Observatory,  No.  3. 

^Bulletin  Astronomique,  26,  278,  1909.  '^  Ibid.,  32,  66,  1915. 
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Both  minima  are  fairly  deep — the  combined  loss  of  light  is 
about  80  per  cent;    and  the  shape  of  the  curve  in  its  uneclipsed 

portion  indicates  a  high  degree 
of  ellipticity  in  the  figures  of  the 
spheroidal  stars.  After  "rectify- 
ing'' for  this,  as  usual,  ''uniform'' 
and  ''darkened"  solutions  were 
made.  The  first  gave  an  orbital 
inclination  over  87°,  so,  in  the 
second,  central  transit  was 
assumed  in  order  to  make  the 
theoretical  curve  steep  enough  at 
the  eclipses,  and  even  this  did  not 
give  a  very  close  fit.  The  "darkened''  assumption  is  just  a  trifle 
the  better  fit  all  over.     Both  solutions  make  the  larger  star  the 


Fig.  2.— SX  Cassiopeiae  at  elonga- 
tion and  at  primary  minimum,  accord- 
ing to  the  "darkened"  solution. 


TABLE  I 
Table  of  Observations,  SX  Cassiopeiae 


3- 
4- 
S- 
6. 

7- 
8. 

9- 
10. 


13- 
14- 
15- 
16. 

17- 
18. 
19. 


Ob- 

Phase 

served 
Magni- 

tude 

Days 

0.158 

9.69 

0.746 

9 

50 

1.482 

8 

88 

1.984 

8 

77 

2.462 

8 

76 

3-186 

8 

79 

3.958 

8 

76 

4.962 

8 

74 

6.199 

8 

74 

7   639 

8 

73 

8.612 

8 

74 

9.418 

8 

69 

10. 246 

8 

71 

11-597 

8 

72 

12.602 

8 

68 

13 • 849 

8 

74 

15.082 

8 

82 

16.156 

8 

98 

17.320 

9 

03 

o.-c. 

Uniform     Darkened 


-fo¥o6  — o¥oi 
+0.10  +0.10 
—0.12  —0.14 
■—0.09  — O.II 
—0.06 

—  o.oi 

—  o .  03 
-0.03 

0.00 
+0.02 
-j-0.03 

—  0.01 
0.00 

—  0.01 

—  0.06 
-0.03 
-fo.oi 

+0.16  -^0.14 
+0.050-1-0.02 


No. 


20. 

21 . 

22 . 

23- 
24- 

25- 

26. 

27. 

28. 

29 

30. 

31 

32- 

33- 
34- 
35- 
36. 
37- 
38. 


Phase 


Days 
18.303 
19.025 
19.626 
20.413 
21.360 
22. 191 

22.905 
24-093 

25 -449 
26.630 
27.820 
29. 117 
30-647 
31-956 
33-350 
34  430 
35-018 
35-326 
36.232 


Ob- 
served 
Magni- 
tude 


O.-C. 
Uniform     Darkened 


-o^'o5 

0.00 

-Fo.o8 

-f-0.04 

-ho 

—  o 

— o 

— o 

o 

+0 

o 

+0 
+0 
+0 
+0 

-t-0.02 

0.00 

-I-0.09 

—0.04 


-o'^io5 

—0.02 

-(-0.06 

-I-0.02 

04 

01 

02 

01 

00 

03 
00 
04 
02 
04 
01 

0.00 
—0.03 
-j-o.o8 
—0.04 


Probable  error  of  one  normal,  on  "uniform"  hypothesis, 
to¥o344. 


'=0^0357;  on  "darkened"  hypothesis 


brighter,  so  that  primary  eclipse  is  annular  and  secondary  total,  a 
condition  opposite  to  that  of  Shapley's  solution. 
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Adams  and  Joy^  give  the  spectrum  of  the  bright  component  of 
the  system  as  "very  much  Hke  that  of  a  Cygni."  Only  one  spec- 
trum was  visible,  confirming  the  present  orbit's  indication  that  the 
stars  are  very  unequal  in  brightness.  Computation  by  Shapley's 
methods-  of  the  hypothetical  dimensions  and  distance  shows  that 
these  stars  are  emphatically  "giants,"  as  their  low  density  would 
suggest. 

TABLE  II 

Table  of  Elements,  SX  Cassiopeiae 

EPOCH   AND   PERIOD  =  .T.D.    2417983.4S   G.M.T.±0.  I7  +  (36  .  5668  ±0.  OO41)  E 


Element 


Symbol 


\'alue 
Uniform  Darkened 


Ratio  of  radii  of  stars . 
Type  of  eclipse: 

Primary 

Secondary 

Semi-major  axis: 

Brighter  star 

Fainter  star 

Semi-mmor  axis: 

Brighter  star 

Fainter  star 


Eccentricity    of    meridian    section    of 

stars 

Inclination  of  orbit 

Least  apparent  distance  of  centers. .  .  . 

Light  of  brighter  star 

Light  of  fainter  star 

Ratio  of  surface  brightness  of  stars .  . 
Density  of  stars  in  terms  of  sun : 

Brighter  star 

Fainter  star 

Light  of  brighter  star  in  terms  of  sun .  . 
Greatest  radius  of  stars  in  terms  of  sun: 

Brighter  star , 

Fainter  star 

Absolute  magnitude  of  brighter  star .  . 

Parallax 

Distance  in  light-years 

Spectral  t>'pe 


t=Vz 
i 


cos  7 
h 


o.Soo 

.\nnular 
Total 


0.186 

0.204 
0.163 

0.4S4 
87°4o' 
0.041 
o.Sio 
0.190 
2.73 


0-735 

Annular 
Total 

o.  260 

O.  IQI 

0.241 
0.177 

0.382 

90°o' 
0.000 
0.809 
o.  191 
2.  29 


o . 0004        o . 0003 

0.0008        0.0007 

100 


135 
10.9 


15-2 
II. 2 


0.00029 

1 1000 

A2 


Table  I  gives  the  normals  and  residuals,  and  Table  II  the 
elements.  The  light-curve  at  the  minima  is  shown  in  Figure  i, 
while  Figure  2  pictures  the  system. 

Princeton  University  Observatory 
August  1920 

^Publications  of  the  Astronomical  Society  of  the  Pacific,  31,  30S,  1919. 

^  Contributions  from  the  Princeton  University  Observatory,  No.  3,  pp.  9,  117. 
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ABSTRACT 

Efect  of  the  passage  of  a  star  through  a  nebula  consisting  of  a  swarm  of  particles; 
theory. — Neglecting  the  effects  of  mutual  collisions  between  the  particles  when  the 
swarm  is  undisturbed  as  well  as  the  gravitational  attraction  of  the  swarm  on  its  con- 
stituents, the  author  derives  the  formulae  for  the  hyperbolic  motion  of  the  particles 
and  shows  that  all  those  originally  at  a  distance  b  from  the  path  of  the  star  will  cross 
that  path  at  the  same  point  at  a  distance  b^/2a  behind  the  star,  where  a  is  the  ratio 
of  the  mass  of  the  star  to  the  square  of  its  speed,  F^  If  we  suppose  that  as  a  result 
of  this  focusing  action  collisions  occur  along  the  path  of  the  star,  these  might  produce 
a  gaseous  appendage  of  conical  form  with  an  angle  /3  such  that  sin  /3  is  equal  to  the 
ratio  of  the  mean  velocity  of  the  gas  molecules  to  V. 

Variable  nebula  X.G.C.  2261  (Hubble),  with  fan-shaped  appendage. — The  above 
theory  suggests  an  explanation  of  the  form  of  the  appendage,  and  certain  numerical 
consequences  as  to  the  mass,  scale  of  magnitude,  distance,  and  life  of  this  object  are 
deduced. 

The  general  problem  of  the  phenomena  produced  when  a  star 
encounters  a  nebula  is  one  of  great  complexity  and  one  which 
can  only  be  properly  treated  by  extended  mathematical  and  physical 
investigations.  In  any  case  it  must  demand  numerous  assump- 
tions concerning  the  physical  conditions  of  both  star  and  nebula. 
But  there  are  certain  forms  of  the  problem  which  will  yield  to 
more  simple  treatment  and  which  may  furnish  a  qualitative  idea 
of  the  phenomena  and  also  some  indications  of  the  numerical 
magnitudes  involved.  It  is  one  of  them  to  which  attention  is 
drawn   in    this   paper,   illustrations    being   furnished    by    certain 
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planetary   (?)   nebulae  and  in  particular  by  Hubble's^  variable 
nebula,  N.G.C.  2261  =H.  IV  2  =  h  399  =  0.0.  1437. 

I  assume  at  the  outset  that  the  "nebula"  involved  is  a  swarm 
of  discrete  particles  or  small  masses,  the  swarm  being  of  very 
great  extent  but  with  such  low  volume  density  that  we  may 
neglect  the  effects  of  mutual  collisions  between  the  particles  when 
the  swarm  is  undisturbed,  as  well  as  the  gravitational  attraction 
of  the  swarm  on  its  own  constituents.  The  star  is  supposed  to  be 
passing  through  the  interior  of  the  swarm  with  constant  velocity 
relative  to  the  swarm:  this  involves  the  further  assumption  that 
the  retardation  of  its  motion  produced  by  collisions  is  very  small 
compared  with  the  other  velocities  involved.  Since  the  relative 
motion  of  the  star  and  the  swarm  is  alone  involved  in  the  investi- 
gation, I  shall  suppose  that  the  star  is  at  rest  and  that  the  particles 
of  the  swarm  have  a  velocity  V,  constant  in  magnitude  and  direc- 
tion at  a  great  distance  from  the  star,  this  velocity  being  only 


changed  on  the  approach  of  the  particle  to  the  star  by  the  attraction 
of  the  latter. 

Under  these  conditions,  every  particle  of  the  swarm  moves  as 
though  the  rest  of  the  swarm  did  not  exist,  except  in  so  far  as  the 
attraction  of  the  star  may  later  cause  collisions. 

Let  5  be  the  center  of  the  star  and  draw  A'SA  parallel  to  the 
direction  of  motion  of  each  particle  of  the  swarm  when  at  a  great 
distance  from  the  star.  Let  PB  be  the  orbit  of  a  particle  during 
its  passage  near  the  star.  This  orbit  is  a  hyperbola,  the  antecedent 
asymptote  of  which  is  parallel  to  A'SA;  let  the  orbit  intersect  SA 
in  B.  Since  we  have  to  deal  with  a  swarm,  there  will  exist  a  ring 
of  such  orbits,  all  of  them  intersecting  at  B,  which  will  therefore 
be  a  center  of  collision  for  the  particles  following  these  orbits. 
There  will  similarly  be  centers  of  collision  at  -all  points  of  SA, 
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starting  from  some  point  near  S  and  extending  to  iniinity  in  the 
direction  SA . 

Three  classes  of  phenomena  have  to  be  considered.  First,  the 
orbits  of  particles  before  they  intersect  the  line  SA;  second,  the 
motions  after  collision  along  this  line;  third,  the  effects  of  particles 
which  collide  with  the  star,  since  we  must  suppose  the  latter  to 
have  an  appreciable  diameter. 

Under  the  limitations  imposed,  the  investigation  of  the  first  is 
simply  that  of  hj-perbolic  motion  applied  to  this  particular  case. 
The  effect  of  the  third  may  be  dismissed  briefly,  since  the  sup- 
position that  the  relative  velocity  of  the  star  and  of  the  main  body 
of  the  swarm  is  not  sensibly  affected  will  be  retained  throughout. 
The  second  is  that  which  presents  the  features  of  chief  interest 
and  which  is  assumed  to  be  mainly  responsible  for  the  visible 
phenomena. 

HYBERBOLIC  MOTION 

I  now  develop  the  formulae  for  hyperbolic  motion  which  will 
be  required. 

Take  5  as  origin  and  SA'  the  initial  line  for  the  polar  co-ordinates 
r,  6  oi  2i  particle  P  at  time  /.  Let  ix  be  the  mass  of  the  star  in 
astronomical  units  and  h  the  perpendicular  distance  of  P  from  SA' 
at  time  /=  —  co  ,  when  it  is  mo^^ng  parallel  to  A'S  with  velocity  V. 
Then  the  w^ll-known  equations  of  motion  are 

d^_  (ddY__fj^ 
dp     \dt}  ~     ?' 

dd  r       .      ■ 

r^-7-=  moment  of  velocity  =  constant  =  6F 
The  equation  of  the  conic  which  satisfies  these  equations  is 

^=Acoid+Bsind-\-C,  (2) 

where  A,  B,  C  are  constants  to  be  determined  by  the  given  condi- 
tions of  the  problem. 

Differentiating  (2)  with  respect  to  the  time  and  substituting 
for  dd/dt  from  the  second  of  equations  (i)  we  obtain 

i={A  sin  d-B  cos  d)bV.  (3) 


Ci) 
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Differentiating  again  and  substituting  for  d^r/dt-  and  for  dd/dt 
from  (i)  we  find 

¥V^    A272 
(A  cos 0+5  sin  0)-^ r=-  3' 

^  ^2  ^3  ^3    ' 


or 

A  cosd+Bsmd--^  =  —^^=-^^,  (4) 

in  which  we  have  defined  a  by  putting 

To  determine  A,  B,  C  we  are  given  that  dr/dt=  —  V  and  r=  00 
when  ^  =  0.     Substituting  these  values  in  (2),  (3),  (4),  we  obtain 

A+C  =  o,     -V=-B-bV,    ^  =  -^3. 

Hence  (2)  and  (3)  become 

b     ,  ^xfl  ,    .    „  /     \ 

-  =  (i  — cos0),+sin0,  (2a) 

r  0 

^  =  -  F  (cos  0+ ^  sin  0) ,  (3a) 

to  which  the  energy  equation, 

may  be  joined,  where  v  is  the  velocity  at  distance  r. 

Let  SB  be  denoted  by  c.  Then  r  =  c  when  0=^7r  and  we 
obtain  from  (2a),  {za), 

r  =  c  =  —  ,     ~r  =  V,  when  0  =  tt.  (6) 

2a       dt 

The  point  of  closest  approach  to  the  star  (periastron)  is  obtained 
by  putting  dr/dt  =  o;  let  6  =  a  at  this  point.  Then  from  (3a) 
we  have  tan  a=  —b/a.     Thence  from  (2a), 

r  =  1   c^+ 6^  —  c    when  dr/dt  =  0.  (7) 

Let  R  be  the  effective  radius  of  the  star,  that  is,  the  closest 
distance  at  which  any  particle  does  not  collide  with  any  part  of 
the  star's  mass.     The  smallest  value  of  h  for  such  a  particle  is, 
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from  (7),  given  by  h'  =  R^-\-2aR.  Since  c  =  h^/2a,  the  smallest 
possible  value  of  c  (which  will  be  denoted  by  c„)  is  given  by  the 
equation 

Co^~-^R.  (8) 

2a 

It  is  understood  that  when  the  star  has  a  gaseous  envelope  any 
particle  which  is  retarded  by  the  envelope  is  retained  by  the  star; 
this  assumption  can  be  modified  later. 

We  now  deal  with  the  motions  of  the  particles  after  the  col- 
lisions have  taken  place  along  the  line  SA .  The  velocities  perpen- 
dicular to  SA  being  destroyed  by  the  collisions,  the  particles, 
supposed  inelastic,  will  begin  to  move  along  SA  with  velocity  V, 
as  shown  by  equation  (6),  whatever  value  c  may  have;  this  velocity 
will  be  decreased  in  the  succeeding  motion  by  the  attraction  of  the 
star. 

The  ideal  case  in  which  all  collisions  take  place  on  SA  will  be 
retained  while  the  effect  of  the  collisions  is  considered.  I  suppose 
that  enough  heat  is  generated  by  the  collisions  to  turn  all  the 
incoming  matter  into  a  gaseous  condition  and  that  the  gas  immedi  • 
ately  starts  to  obey  the  laws  of  an  ordinary  gas.  Under  the 
conditions  laid  down,  there  is  no  restriction  on  the  motions  of  its 
molecules,  that  is,  there  is  no  external  pressure.  They  will  there- 
fore begin  to  move  with  their  proper  molecular  velocities  relatively 
to  the  motion  of  the  whole  mass.  Let  the  mean  molecular  rela- 
tive velocity  be  U.  From  each  point  of  SA  will  then  start  a 
spherical  wave  whose  radius  increases  at  the  rate  U  while  (if  we 
neglect  the  retardation  produced  by  the  attraction  of  the  star) 
the  whole  sphere  moves  with  velocity  V  parallel  to  SA.  The 
wave  front  will  therefore  lie  along  a  cone  of  angle  j3  such  that 

sin/3  =  ^.. 

Molecular  velocities  are  of  the  order  of  a  kilometer  per  second 
while  stellar  velocities  are  of  the  order  of  twenty  kilometers  per 
second  on  the  average  so  that  we  should  expect  the  cone  in  general 
so  have  a  very  small  angle.  If,  how^ever,  V  be  of  the  order  of 
two  kilometers  per  second,  the  angle  rises  to  the  order  of  30°. 
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With  a  low  relative  velocity  we  cannot  neglect  the  retardation 
produced  by  the  attraction  of  the  star.  The  principal  effect  is 
to  diminish  F  as  /  increases  and  therefore  to  increase  jS.  The 
generating  lines  of  the  cone  enveloping  the  wave-front,  instead  of 
being  straight,  will  be  curved  with  convexity  toward  SA. 

Next,  the  particles  of  the  swarm  are  pouring  into  this  expand- 
ing gas  when  the  process  is  in  full  operation  and  the  collisions  no 
longer  take  place  on  SA;  they  will  in  general  be  changed  into  a 
gaseous  condition  by  collisions  with  the  molecules  of  the  latter 
before  they  reach  SA.  In  the  mean,  the  velocities  perpendicular 
to  SA  are  still  destroyed  owing  to  the  symmetry  of  the  whole 
process  with  respect  to  this  line.  The  velocity  parallel  to  SA 
before  collision  at  any  point  whose  co-ordinates  are  ;",  6,  is  from 

-77  COS0  — ;•— sin^=  —V  i  cos^  04--  sin  6  cos  9] sin  6 

at  at  \  0  /       ^ 

=  —  1'  -;  cos^  d-{-Y  sin  6  cos0+-sin0  (i— cos  d)-\-sin^6  [ 
(00  ) 

=  —  Vi  i-|-7sin  I 

As  6  is  less  than  tt  for  all  such  cases,  the  actual  velocity  paral- 
lel to  SA  communicated  to  the  expanding  gas  is  greater  than  if 
the  collisions  took  place  on  SA ,  but  tends  toward  V  with  increasing 
magnitude  of  the  periastron  distance.  The  tendency  is  therefore 
to  diminish  the  angle  of  the  cone.  This  action,  however,  is  also 
less  effective  near  the  vertex  of  the  cone;  the  result  is  to  produce 
a  curvature  of  the  generating  lines  of  the  wave-front  surface  with 
concavit}'  toward  SA  and  therefore  in  the  opposite  direction  to 
that  found  in  the  previous  paragraph.  Considerable  internal 
motion  will  be  produced  in  the  expanding  gas,  but  I  am  chiefly 
considering  here  the  outline  of  the  wave-front. 

Next  consider  these  portions  of  the  stream  which  collide  with 
the  star  so  as  to  become  portions  of  its  mass.  Whatever  the 
original  condition  of  the  star  on  the  approach  of  the  swarm,  the 
collisions  will  heat  up  its  surface  and  in  time  produce  a  gaseous 
envelope  which  will  increase  the  effective  radius  of  the  star,  the 
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latter  being  the  radius  within  which  capture  of  the  particles  of 
the  swarm  takes  place.  Further,  although  the  captures  take 
place  mainly  in  the  front  portion  of  the  envelope,  the  impulses  as 
well  as  the  gravitational  attraction  of  the  nucleus  will  tend  to 
spread  the  envelope  to  the  rear  portions  so  that  the  envelope  will 
probably  remain  approximately  spherical. 

There  will  be  a  number  of  particles  which  are  not  sufficiently 
retarded  by  the  outer  portions  of  the  envelope  to  be  captured; 
these  will  pass  through  with  velocity  diminished  by  this  cause 
and  so  intersect  SA  in  points  which  are  at  a  less  distance  from 
5  than  Co.  A  clear  outline  of  the  vertex  of  the  fan  cannot  there- 
fore be  expected. 

Before  we  attempt  to  compare  these  deductions  with  observa- 
tion it  is  necessary  to  examine  the  light  given  out.  Consider  the 
mass  of  gas  produced  at  any  moment  in  the  envelope  of  the  star 
and  in  the  fan  before  it  has  been  cooled  by  expansion  and  radiation. 
The  latter  processes  are  gradual  and  considered  alone  would  pro- 
duce in  the  fan  a  triangular-shaped  projection  whose  central  por- 
tions are  bright,  with  diminishing  light  toward  the  sides  and  rear. 
But  the  incoming  stream  on  meeting  the  wave-front  should  be 
rapidly  converted  into  heated  gas  and  so  tend  to  outline  the  latter 
with  some  approach  to  definiteness,  and  there  does  not  seem  to 
be  any  reason  to  expect  systematic  variations  in  the  light  of  any 
part  of  the  projection  along  lines  perpendicular  to  SA;  naturally, 
toward  the  rear  there  will  be  a  gradual  diminution  of  the  light 
given  out.  No  such  definite  outline  is  to  be  expected  in  the 
envelope  of  the  star  since  its  matter  is  being  continually  arranged 
in  layers  of  increasing  density  with  but  little  loss  of  heat  due  to 
expansion;  the  interior  portions  will  have  the  highest  temperature. 

This  attempt  to  outline  the  character  of  the  phenomena  pro- 
duced under  a  speculative  hypothesis  must  be  treated  with  con- 
siderable reserve  in  the  absence  of  any  calculation.  But  it  does 
not  seem  useful  at  the  outset  to  go  into  details  before  the  possi- 
bilities and  probabilities  of  the  principal  features  have  been  under 
discussion.  With  the  knowledge  which  has  been  gathered  of  the 
distribution  and  motion  of  matter  in  space  it  appears  that  the 
passage  of  a  star  through  widely  diffused  matter  will  be  by  no 
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means  a  rare  phenomenon  like  that  of  the  close  approach  of  two 
stars.  As  a  matter  of  fact  this  investigation  was  begun  in  order 
to  examine  the  possibilities  it  might  furnish  of  the  evolution  of  a 
planetary  system.  During  a  visit  to  Mount  Wilson  last  spring  in 
which  the  idea  was  discussed,  my  attention  was  called  to  Bubble's 
variable  nebala  as  possibly  furnishing  an  example  of  the  phenomena 
outlined  above.  As  is  well  known,  this  object  consists  mainly  of 
a  starlike  nucleus  (which  is  known  as  the  variable  star  R  ]Mono- 
cerotis)  with  a  fan-shaped  appendage.  Attention,  however,  had 
been  mainly  directed  to  the  variability  in  the  light-giving  power 
of  the  fan  rather  than  to  its  mode  of  formation. 

On  the  hypothesis  of  this  paper  the  sine  of  half  the  angle 
formed  by  the  two  sides  of  the  fan  should  give  the  ratio  of  U  to  V, 
that  is,  the  ratio  of  the  molecular  velocity  of  the  expanding  gas 
to  the  relative  velocity  of  the  star  and  swarm.  In  Hubble's 
nebula  (N.G.C.  2261)  this  half-angle  is  about  30°,  giving  a  relative 
velocity  of  the  order  of  two  kilometers  per  second.  The  equation 
fx^aV-  thence  gives  a  relation  between  fx  the  mass  of  the  star  and 
a  the  "scale"  of  the  system.  Let  fio  be  the  mass  of  the  sun,  Vo 
the  mean  orbital  velocity  of  the  earth,  and  Oo  the  mean  radius  of 
the  earth's  orbit.  Then  since  Vo  is  approximately  30  kilometers 
per  second,  we  have 

_^=^Z'  =  JL^.  (0) 

fio       Oo  VI       225  flo 

By  equation  (8)  the  distance  of  the  vertex  of  the  cone  from 

the  center  of  the  star  is 

R^ 
Co  =  ~+R.  (8) 

2a 

The  photographs  seem  to  show  that  Co  and  R  are  of  the  same 
order  of  magnitude.  If  Co=2R,  we  have  a  =  hR.  It  is  to  be 
noted,  however,  that  a  increases  rapidly  with  a  decrease  of  Cq  —  R. 
It  is  immaterial  which  of  these  quantities  we  use  to  denote  the 
scale  of  magnitude  of  the  system.    I  have  adopted  a  for  conA'enience. 

There  is  no  direct  information  available  as  to  the  parallax,  but 
from  indirect  evidence  Hubble  (loc.  cit.)  believes  that  it  is  measur- 
able, provided  suitable  definition  of  the  center   of   the   nucleus 
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can  be  obtained  photographically.  The  general  information  now 
available  concerning  the  magnitudes  of  such  objects  seems  to 
indicate  the  same  fact.  We  may,  in  fact,  expect  a  mass  com- 
parable with  that  of  a  star.  If  this  is  the  case  we  should  expect 
a  corresponding  scale  of  linear  magnitude.  If  the  mass  of  the 
nucleus  of  the  nebula  is  the  same  as  that  of  the  sun,  equations 
(8),  (9)  show  that  the  efTective  radius  would  be  450  times  that  of 
the  earth's  orbit.  It  may  be  conjectured  that  the  mass  lies  between 
i/io  and  10  times  that  of  the  sun,  giving  an  effective  radius  be- 
tween 45  and  4500  times  the  radius  of  the  earth's  orbit.  With  the 
exposures  hitherto  made'  the  maximum  radius  of  the  envelope  is 
about  5".  If  this  be  also  the  effective  radius,  the  parallax  should 
lie  between  o''i  and  o''ooi,  so  that  there  is  reason  to  hope  that  a 
direct  measure  of  this  latter  quantity  may  be  obtainable. 

The  nebula  has  been  photographed  for  about  twenty  years. 
In  the  period  1908  to  1916,  there  is  no  very  noticeable  change  in 
the  angle  of  the  fan,  indicating  that,  on  the  hypothesis  of  this 
paper,  the  change  in  relative  velocity  during  this  time  is  small. 
The  same  thing  is  indicated  in  the  later  photographs  of  Lampland. 
If  we  suppose  that  the  velocity  during  20  years  has  averaged 
2  kilometers  per  second,  the  distance  traversed  in  that  time  will  be 
1.3X10^  kilometers,  a  small  quantity  in  comparison  with  the 
extent  of  nebular  clouds.  There  seems  to  be  no  reason  why  the 
present  conditions  may  not  continue  for  a  considerable  period. 

The  outstanding  feature  of  the  fan  is  its  rapid,  irregular  varia- 
tion in  light-giving  power  in  different  parts  while  its  outline  remains 
approximately  the  same.  These  variations  may  be  attributed  to 
local  variations  of  density  in  the  swarm  and  perhaps  also  to  cumu- 
lative effects  in  the  interior  of  the  fan  which  are  released  in  pulses 
rather  than  continuously.  It  is  premature  to  discuss  hj-potheses 
to  account  for  the  fact  that  one  side  of  the  projected  fan  is  slightly 
concave  to  the  interior  while  the  other  side  is  slightly  convex. 
There  is  a  small  circular  condensation  close  to  the  nucleus  and  in 
front  of  it  at  an  angle  of  about  45°  to  the  axis  of  the  fan.  Hubble 
{loc.  cit.)  believes  that  there  is  evidence  that  this  object  has  moved 

'  I  am  indebted  to  Air.  C.  O.  Lampland  for  the  opportunity  to  examine  many 
of  the  photographs  which  he  has  taken  of  this  nebula  at  the  Lowell  Observatory. 
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toward  the  center  of  the  nucleus  at  the  rate  of  about  o''5  a  year: 
if  motion  of  this  object  around  the  nucleus  can  be  detected,  some 
interesting  further  possibilities  in  the  development  of  the  hypothe- 
sis of  this  paper  will  be  open  to  consideration.  It  is,  however, 
difficult  to  see  any  explanation  for  two  faint  wisps  of  nebulosity 
projected  to  some  distance  from  the  nucleus  in  front  and  sym- 
metrically situated  with  respect  to  the  axis  of  the  fan,  although 
they  appear  to  follow  the  tracks  of  particles  which  later  collide 
with  the  star. 

In  No.  81  of  the  Bulletin  of  the  Lowell  Observatory  (3,  63,  1918) 
V.  M.  Slipher  states  that  the  nucleus  and  the  fan  have  the  same 
spectrum.  It  is  necessary  for  the  h\pothesis  that  this  should  be 
so,  for  the  external  part  of  the  nucleus  as  well  as  the  fan  must 
consist  mainly  of  gas  derived  from  the  particles  of  the  swarm  after 
the  envelope  has  once  been  formed.  Slipher  and  Lampland  also 
notice  that  the  spectrum  resembles  that  of  a  nova  in  its  earlier 
stages,  an  interesting  observation  in  view  of  the  speculations  which 
have  been  made  as  to  the  mode  of  formation  of  the  latter  objects. 

Certain  other  nebulae  exist  in  which  the  fan-shaped  appendage 
is  replaced  by  one  with  nearly  parallel  sides.  Opportunity  to 
examine  photographs  of  these  was  also  afforded  me  at  Flagstaff 
last  spring.  If  these  nebulae  are  formed  in  a  manner  similar  to 
that  assumed  for  Hubble's  nebula,  we  should  conclude  that  the 
relative  velocity  of  the  swarm  and  star  was  much  greater  than 
2  kilometers  per  second.  In  view  of  known  stellar  velocities  these 
should  prove  to  be  the  more  common  objects  of  this  class.  Further, 
it  is  to  be  noted  that  these  objects  must  be  seen  in  a  direction 
nearly  perpendicular  to  that  of  relative  motion.  For  such  objects 
viewed  along  or  nearly  along  this  direction,  the  appearance  would 
be  very  different,  ranging  from  an  oval-shaped  nebulosity  with  the 
star  on  the  longer  axis  but  away  from  the  center,  to  a  circular 
nebulosity  surrounding  the  star.  It  might  be  hoped  that  relative 
displacements  along  the  line  of  sight  could  be  measured  as  a  test, 
but  the  faintness  of  these  objects  is  at  present  a  serious  obstacle 
to  such  measures.  References  to  previous  observations  of  these 
objects  will  be  found  in  the  first  paper  of  Hubble  referred  to  above. 

Yale  Uxiversity 
December  1920 


ON  THE  GEOMETRIC'VL  CLASSIFICATION  OF  LONG- 
PERIOD  VARIABLES 

By  J.  G.  HAGEN 
ABSTRACT 

Classification  of  long-period  variables. — The  writer  gives  a  table  of  the  constants 
of  the  light-curves  of  66  variables  as  determined  by  harmonic  analysis,  and  shows 
that  on  the  basis  of  these  constants  the  variables  fall  into  three  groups  which  coincide 
with  the  three  main  classes  given  in  the  Harvard  Annals  for  1907:  (i)  with  uniform 
variation,  (2)  with  broad  minima,  and  (3)  with  a  rapid  increase.  The  first  group 
corresponds  in  general  to  Phillips'  Group  I,  and  the  last  two  are  subdivisions  of  his 
Group  II. 

T 

A  large  amount  of  material  on  long-period  variable  stars  is 
contained  in  the  Harvard  Annals,  57,  Part  i  (1907).  The  observa- 
tions were  mostly  made  at  Harvard  and  the  reduction  was  intrusted 
to  Mr.  L.  Campbell.  The  results  are  there  presented  in  very 
convenient  form,  in  a  statistical  Table  XII  and  on  two  Plates  I 
and  II. 

1,  Of  all  the  seventy-five  stars  discussed  in  that  volume,  sixty- 
seven  were  found  regular  enough  for  showing  graphically  the 
different  forms  of  light-curves.  They  are  divided  into  five  groups, 
two  of  which  comprise  only  four  stars  each  and  might  well  be 
taken  as  modified  forms  of  one  or  other  of  the  larger  groups.  In 
fact  the  four  curves  of  ''broad  maxima"  and  the  other  four  of 
''rapid  decrease"  look  like  accidental  irregularities  from  the  large 
class  of  "uniform  variation."  Thus  premised,  the  two  Harvard 
plates  exhibit  three  classes  of  light-curves  with  these  character- 
istics:  uniform  variation,  broad  minima,  rapid  increase. 

2.  It  is  true  that  on  page  209  it  is  expressly  stated  that  these 
groups  must  not  be  considered  as  establishing  different  classes  of 
long-period  variables,  and  it  may  be  that  no  further  attention 
would  have  been  paid  to  them,  had  not  the  Rev.  T.  E.  R.  Phillips 
subjected  the  very  same  stars  to  harmonic  analysis  and,  in  the 
main,    reproduced    the    same    classification.     In   his    presidential 
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address  before  the  British  Astronomical  Association,  October  25, 
1916,  Phillips  gave  the  results  of  his  analysis  and,  from  the  relation 
between  the  phases  of  the  second  and  third  harmonics,  recognized 
two  principal  groups  of  light-curves.  • 

3.  The  writer  has  followed  up  the  subject  in  the  Monthly 
Notices  (79,  572,  1919)  and  in  the  Astrononiische  NachricJiten  (209, 
257,  191 9)  and  tried  to  show  that  from  the  same  harmonics  three 
groups  of  light-curves  can  be  deduced  and  that  these  groups  coin- 
cide with  the  three  classes  of  the  Harvard  plates.  The  coincidence 
was  naturally  to  be  expected  because  the  coefficients  and  phases 
of  the  harmonic  formulae  are  deduced  from  the  ordinates  of  the 
light-curves  and  cannot  reveal  qualities  other  than  those  contained 
in  the  drawings.  Yet  the  writer's  argument  did  not  seem  generally 
convincing,  probably  because  he  did  not  enumerate  the  stars  of 
each  group  and  did  not  represent  the  groups  in  a  diagram.  Supply- 
ing both  points  seems  to  be  justified  by  the  importance  of  the 
subject.  WTiile  the  short-period  variables  are  divided  into  two 
classes  distinct  not  only  apparently  by  the  shape  of  their  light- 
curves  but  in  their  physical  constitution,  the  long-period  variables 
are  so  far  from  being  physically  understood,  that  at  least  their 
geometrical  classification  should  be  brought  out  as  clearly  as* 
possible. 

II 

The  following  three  tables  contain  all  the  stars  whose  light- 
curves  are  graphically  represented  on  the  two  Harvard  plates, 
though  they  do  not  comprise  all  the  stars  examined  by  Phillips. 
The  stars  are  arranged  by  Pickering's  catalogue  numbers,  i.e.,  in 
the  order  of  R.A. 

I.  In  the  column  (M—m)/P  the  notation  is  Chandler's  for 
the  time  from  minimum  to  the  next  maximum  divided  by  P,  the 
period  of  variation.  The  fraction  is  readily  transformed  into  the 
quantity  considered  by  Professor  Turner: 

a={2iM-m)-P\/P. 

The  last  three  columns  are  taken  from  Tables  II  and  III  of 
Phillips,  including  also  the  doubtful  stars,  which  are  distinguished 
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by  parentheses.     It  appears  at  once  that  PhiUips  examined  all 
the  Harvard  stars  except  V  Cancri. 

The  angles  ^^  and  03  are  the  phases  of  the  second  and  third 
harmonics  in  the  formulae  of  the  light-curves;  wherever  necessary 
they  have  been  diminished  by  360°  in  order  to  make  their  differences 


TABLE  I 
Stars  of  Uniform  Variation 


Star's  No. 

Name 

{M-m)/P 

«» 

03 

Phillips 

001726 

OOI7^s 

T  Andromedae 

T  Cassiopeiae 

S    Cassiopeiae 

R  Arietis 

R  Aurigae 

R  Lyncis 

S    Canis  Minoris 

S    Hydrae 

T  Hydrae 

R  Leonis 

R  Virginis 

S    Ursae  Majoris 

U  Virginis 

V  Virginis 

R  Canum  Ven. 

S    Bootis 

R  Camelopardalis 

R  Bootis 

S   Librae 

R  Draconis 

S    Herculis 

R  Ophiuchi 

T  Herculis 

R  Sagittarii 

R  Delphini 

U  Cygni 

T  Aquarii 

R  Vulpeculae 

T  Cephei 

S    Cephei 

0 
0 

47 
58 
42 
50 

53 
46 
48 
47 
49 
45 
48 
48 

49 
46 
49 
49 
50 
48 
37 
44 
45 
47 
48 
44 
49 
44 
50 
41 
54 
59 

+  110° 

-  36 
+  135 
+  13 

-  58 
+  42 
+  33 

-  24 
+  (io) 
+  114 
+   10 
+     7 

-  15 
+  179 
+   14 

+     7 
+  126 

+  37 
+  122 

~    77 
+  192 

+  51 
+  147 
+  166 
+   28 
+  (171) 
+  43 

-  65 

-  77 

+     80° 
191 
107 
197 
216 

211 
207 
189 
(360) 
154 
216 
263 
197 
182 
205 
258 
213 
202 
186 
60 
187 

195 
160 

94 

171 

188 

(242) 

153 

205 

+  204 

II 
I 

011272 

021024 

050953 

065355 

072708 

084803 

085008  

II 
I 
I 
I 
I 
I 

0942 1 1 

I 

123307 

123961 

124606 

I 
I 
I 

132202 

134440 

II 
I 

141954 

142584 

14.^227 

I 

I 
I 

I'»IS20  .                    ... 

I 

163266 

II 

164715 

I 

170215 

H 

i8o;^i 

I 

191019  

II 

201008 

II 

201647 

I 

20dd0^     

2Oi;02^ 

I 

210868 

I 

213678 

I 

Sum 

Mean 

30 

14 
0 

34 
48 

1403 
+  47° 

5693 
+  190° 

from  the  mean  of  each  group  less  than  180°.  The  angles  thus 
reduced  will  give  more  correct  figures  for  the  "range''  within 
which  they  vary  for  each  group  than  the  uncorrected  angles. 

In  the  last  column  the  "group"  found  by  Phillips  is  assigned 
to  each  star. 
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TABLE  II 

Stars  vaTis.  Bro.\d  Minima 


Star's  Xo. 

Xame 

{M-m)/P 

4>^ 

•h 

Phillips 

S   Ceti 
R  Piscium 
0    Ceti   (Mira) 
R  Tauri 
S   Tauri 
R  Cancri 
T  Virginis 
R  Cor\i 

Y  Mrginis 
R  Hydrae 
S   Virginis 
S   Serpentis 
S  Scorpii 
U  Herculis 
W  Herculis 
S    Cvgni 

V  Cygni 
R  Pegasi 
R  Aquarii 

o.a6 

+  178° 
154 
118 
180 
149 
169 
177 
162 
(154) 
i6s 
159 
176 
167 
154 
148 

233 
(138) 
164 
+  176 

■      +195° 
113 
59 
107 

105 

154 

159 

147 

(28) 

181 

161 

125 
140 
III 
125 
+206 
-(26) 

+133 
+160 

II 

01^502    

0 

45 
36 
40 
26 
52 
37 
45 
44 
43 
46 

43 
54 
40 

43 
52 
38 
35 
43 

II 

II 

II 

0J.2^0Q 

II 

08111^        

II 

120905        

II 

I2I418        

II 

122803 

132422 

132706 

II 
II 

151714 

II 

1611226 

II 

162119 

II 

16^1^7 

II 

200357 

203847 

230110 

233815 

I 

'  "ii" 
II 

Sum 

Mean 

19 

8 
0 

08 
43 

3121 
+  164° 

2383 
+  125° 

TABLE  III 

Stars  with  Rapid  Inxrease 


Star's  No. 

Name 

(M-m)/P 

<h 

<t>i 

Phillips 

001838 

022000  

022813 

054920 

070122a  

081617 

R  Andromedae 

R  Ceti 

U  Ceti 

U  Orionis 

R  Geminorum 

V  Cancri 

R  Leonis  Minoris 

R  Ursae  Majoris 

R  Comae  Ber. 

T  Ursae  Majoris 

S    Coronae 

R  Herculis 

R  Scorpii 

R  Cygni 

X    Cygni 

S   Aquarii 

S   Pegasi 

R  Cassiopeiae 

0 
0 

38 
37 
31 
39 
42 
42 
40 
46 
33 
42 
40 
44 
37 
36 
46 
36 
43 
40 

+  97° 
80 

55 

126 

98 

+  66° 

226 

241 

106 

35 

II 
I 
I 
II 
II 

093934 

103769 

115919 

123160 

151731 

160118 

141 
126 
122 

94 
104 
136 
136 
103 

(131) 
103 

105 
+  118 

106 

75 

+  33 

-     4 

+  69 

102 

137 

93 

(154) 

21 

93 

+  89 

II 
II 
II 
II 
II 
II 

161122a  

II 

193449 

194632 

225120 

231508 

II 

'"'ii'" 
II 

235350 

II 

Sum 

Mean 

17  (+V  Cancri) 

7 
0 

12 
40 

1875 
+  110° 

1642 
+  97° 
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2.  There  are  some  discrepancies  between  the  two  classifications. 
Among  the  thirty  stars  of  uniform  variation  seven  are  ascribed 
to  Group  II,  but  three  of  them  are  near  the  intersection  of  the  two 
straight  hnes  in  PhilHps'  diagram.  Again  there  is  one  star  of 
Group  I  among  the  nineteen  stars  with  broad  minima,  also  near 
the  point  of  intersection,  and  two  stars  of  Group  I  in  the  third 
table.  A  percentage  of  six  contradictory  cases  among  sixty-six 
common  stars  seems  to  be  small,  in  view  of  the  fact  that  partly 
dijfferent  light-curves  were  used  for  the  two  classifications.  How 
much  the  light-curves  of  long-period  variables  differ  from  one 
appearance  of  the  star  to  another  may  be  seen  from  the  mono- 
graphs of  Heis,  Guthnick,  and  Rosenberg  on  the  typical  stars  o  Ceti 
and  X  Cygni. 

TABLE  IV 
Mean  Resuxts 


Groups 

Light-Curve 

Co-ordinates 

Range 

Phillips 

Harvard 

Stars 

{M-m)/P 

a 

<t>' 

«3 

<t>2 

03 

I 

Ila. .  . 
116..  . 

Uniform  variation . 
Broad  minimum. . . 
Rapid  increase .... 

30 
19 
17 

.0.48 

'043 
0.40 

—  0.04 
-0.15 

—  0.21 

+  47° 
+  164 
-|-iio 

+  190° 

+  I2S 

+  97 

296° 

no 

300° 

212 
245 

III 

The  discussion  of  the  results  is  made  easy  by  Table  IV  in  which 
the  mean  values  of  the  preceding  tables  are  united,  and  by  the 
accompanying  diagram,  where  the  phase-angles  0^  and  ^3  are 
taken  as  co-ordinates  of  the  stars,  following  Phillips'  model  except 
that  different  types  are  used  to  distinguish  the  stars  of  the  three 
groups.  It  is  to  be  noted  that  the  diagram  has  eight  stars  less 
than  that  of  Phillips. 

1.  The  main  result  brought  out  clearly  by  both  table  and 
diagram  consists  in  this,  that  there  are  three  characteristic  groups 
of  light-curves  and  that  these  groups  are  roughly  identical  with 
the  three  classes  of  the  Harvard  plates:  curves  of  uniform  variation, 
curves  with  broad  minima,  and  curves  with  rapid  increase. 

2.  A  secondary  feature  of  Table  IV  and  of  the  diagram  is  that 
uniform  variation  appears  to  be  the  general  rule  and  that  the 
other  two  types  of  light-curves  are  more  like  exceptions,  though 
rather  frequent  ones.     Indeed,  several  columns  of  Table  IV  show 
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a  numerical  progression  from  the  first  to  the  third  class,  e.g.,  in 
the  values  of  {M—m)/P  or  their  equivalent  values  a,  so  also 
does  the  column  of  the  mean  co-ordinates  (f)^.  Yet  on  the  whole 
the  first  group  dift'ers  more  from  the  other  two  than  these  dif- 
fer among  themselves.  The  first  group  comprises  nearly  one-half 
of  all  the  stars  examined  and  the  range  of  its  phase-angles  is 
much  wider  than  that  of  the  other  groups.     For  this  reason  the 
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Fig.  I. — Classification  of  long-period  variables.     Ordinates,  —  lo  to  -i-340, 
represent  ^i\  abscissae,  —70  to  -i-230,  represent  (^j. 

main  division,  proposed  by  Phillips,  into  Groups  I  and  II  is  justified: 
it  separates  the  uniform  light-curves  from  the  less  regular  ones; 
but  these  deviations  from  the  regular  type  should  be  specified  by 
the  subgroups  Ila  and  Ylh. 

By  thus  giving  the  classification  of  the  long-period  variables 
its  precise  geometrical  interpretation  it  is  hoped  that  a  small 
step  is  made  forward  toward  the  physical  explanation  of  these 
stars,  a  problem  for  which  no  definite  solution  has  so  far  been 
obtained. 

Vatican  Observatory,  Rome 
September  12,  1920 


CHARACTERISTIC  BEHAVIOR  OF  THE  BRIGHT  LINES 
IN  STELLAR  SPECTR.\  OF  CLASS  Md' 

By  PAUL  W.  MERRILL 

ABSTRACT 

Periodic  changes  In  the  emission  lines  of  spectra  of  Class  Md  variables. — R  Leonis, 
R  Hydrae,  R  Scrpcntis,  X  Opkiuchi,  x  Cygni,  and  T  Cephei  have  been  observed  spec- 
troscopically  over  a  considerable  part  of  their  light  periods,  from  two  to  twelve  spectro- 
grams having  been  made  of  each.  The  intensities  of  H5,  H7,  X  4202  Fe,  X  4308  Fe, 
X  4571  ]\Ig,  and  some  other  bright  lines  at  the  different  phases  are  recorded  in  Table  IV. 
A  compilation  and  discussion  of  past  and  present  data  referring  to  these  lines  shows 
that  they  appear  after  light  minimum,  in  the  order  mentioned,  in  every  long-period 
variable  of  Class  ]Md  whose  spectrum  has  been  adequately  observed,  and  exhibit  sub- 
stantially the  same  remarkable  behavior  as  in  the  type  star  o  Ceti.  There  is  strong 
evidence,  therefore,  that  these  spectral  variations,  shown  in  Figure  i,  are  charac- 
teristic of  stars  of  this  class.  The  changes  in  relative  intensity  of  the  lines  of  the  Balmer 
series  of  hydrogen  and  also  of  certain  iron  lines  are  particularly  interesting.  A  discussion 
of  the  phj^sical  interpretation  of  these  variations  is  reserved  until  more  data  are  av'ailable. 

Although  it  has  been  known  for  many  years,  chiefly  through 
the  extensive  labors  of  the  Harvard  College  Observatory,  that 
striking  changes  occur  in  the  spectra  of  numerous  long-period 
variable  stars,  practical  difficulties  have  prevented  the  securing  of 
satisfactory  observations  through  the  whole  light  cycle.  It  is 
therefore  not  yet  possible  to  give  a  complete  description  of  the 
spectroscopic  changes  which  accompany  the  extraordinary  fluc- 
tuations in  brightness.  Much  valuable  material  has,  however, 
already  been  gathered :  the  combined  results  of  several  observers 
have  shown  numerous  salient  features  of  the  variations  in  the 
spectrum  of  o  Ceti;  some  of  the  same  phenomena  have  been 
observed  in  x  Cygni;  and  changes  in  other  stars  have  been  indi- 
cated by  shorter  series  of  observations. 

The  present  discussion  will  be  confined  largely  to  the  bright 
lines,  as  observations  of  the  continuous  spectrum  and  of  the  absorp- 
tion lines  and  bands  do  not  yet  aft'ord  a  reliable  basis  for  a  descrip- 
tion of  the  characteristic  changes.^     The  data  for  the  bright  lines 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  200. 

'  The  available  observational  material  bearing  on  the  absorption  spectrum  is  not 
extensive,  owing  to  the  faintness  of  the  stars,  except  at  maximum,  and  to  other  cir- 
cumstances.    It  is,  however,  definitely  known  that  variations  do  take  place,    but 
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are  not  so  complete  as  might  be  desired,  but  certain  features  are 
definitely  established,  and  the  general  course  of  the  changes  is 
indicated.  Much  remains  to  be  determined,  however,  especially 
in  regard  to  the  behavior  of  the  spectrum  at  minimum  brightness. 
The  new  observational  material  described  here  refers  to  the 
stars  in  Table  I.  These  are  among  the  best  known  of  the  long- 
period  variables,  and  all  possess  spectra  strongly  resembling  that 

of  0  Ceti. 

TABLE  I 

St.ajrs  Obser\^ed 


TABLE  II 
Results  of  Harvard  Observations 


Star 

Range 

Period 

m-M 

Br. 

Ft. 

0   Ceti 

R  Leonis. 

5 
4 
5 
6 

2 

8 
3 

7  mags. 

2 

4 
3 

2 

3 
9 

332  days 

313 

425 

357 

337 

406 

387 

0 
0 

64 

55 

57 
61 

45 
54 
46 

0.  19 
.26 

■15 
.20 

•32 
.22 

0-23 

0.30 
28 

R  Hvdrae. 

•32 
.28 

•44 

•17 
0.27 

R  Serpen  tis 

X  Ophiuchi 

X  Cygni 

T  Cephei 

Data  from  Harvard  Annals,  57,  202,  showing  the  character  of 
the  light- variation,  are  given  in  Table  II,  in  which  0  Ceti  is  included 
for  convenient  comparison.     The  fourth  column,  ''w— M,"  shows 


apparent  discrepancies  or,  perhaps,  real  differences  between  different  stars,  make  it 
difficult  to  know  which  variations  should  be  considered  as  characteristic.  For  instance 
it  is  stated  by  Adams  and  Joy,  Publications  of  the  Astronomical  Society  of  the  Pacific, 
32,  163,  1920,  and  by  Shane,  ibid.,  32,  234,  1920,  in  confirmation  of  previous  observa- 
tions, that  in  o  Ceti  the  absorption  bands  of  titanium  oxide  increase  in  strength  as  the 
star  wanes,  but,  in  the  case  of  X  Ophiuchi,  observations  by  the  writer  from  May  to 
September,  1920,  show  that  the  bands  grew  decidedly  weaker  while  the  brightness  was 
decreasing.  Although  there  are  several  possible  e.xplanations  of  this  apparent  dis- 
crepancy their  discussion  will  not  be  taken  up  here. 
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the  fraction  of  the  period  during  which  the  Hght  decreases;  the 
fifth,  "Br.,"  gives  the  fraction  of  the  period  during  which  the  light 
is  more  than  one-half  as  great  as  at  maximum,  and  the  last  column, 
"Ft.,"  that  fraction  during  which  the  light  is  less  than  twice  as 
great  as  at  minimum. 

All  the  observations  in  Table  III  were  made  with  one-prism 
spectrographs.  The  column  "Phase"  is  the  only  one  requiring 
explanation.  This  indicates  for  each  plate  the  fraction  of  the 
period  before  (  — ),  or  after  (-f),  light  maximum.  The  photometric 
data  were  kindly  supplied  by  the  Harvard  College  Observatory. 

R   LEONIS 

Jan.  16,  1920.  This  observation  was  made  about  no  days 
after  minimum  and  60  days  before  maximum.  The  light-curve 
rose  gradually  for  70  or  80  days  after  minimum,  and  then  much 
more  rapidly. 

May  30,  1920.  This  last  observation  was  about  60  days  before 
minimum. 

R   HYDRAE 

A  minimum  occurred  on  April  27,  1920,  magnitude  9.5.  The 
first  plate,  on  May  31,  was  taken  34  days  after  minimum,  but  the 
star  had  brightened  only  half  a  magnitude.  Two  bright  lines 
which  are  the  last  to  appear  during  the  decreasing  phase  are  still 
i^  evidence.  The  bright  hydrogen  lines,  which  in  Md  stars  are  weak 
or  absent  at  minimum,  have  not  yet  appeared.  The  continuous 
spectrum  is  weak  but  is  visible  from  X  4500  toward  longer  wave- 
lengths, being  interrupted  by  wide  absorption  bands  of  titanium 
oxide.  The  second  plate,  taken  on  July  8,  when  the  increase  in 
magnitude  since  minimum  had  been  i .  7  magnitudes,  shows  more 
continuous  spectrum  due  to  a  generally  more  effective  exposure, 
but  the  band  absorption  is  very  strong;  H5  is  a  distinct  emission 
line;  H7  is  not  seen,  although  continuous  spectrum  is  visible  in  its 
neighborhood;  X  4308  is  not  seen;  near  X4571  the  continuous 
spectrum  is  strong  and  the  magnesium  line  of  that  wave-length, 
if  present  at  all,  is  so  blended  with  the  background  as  to  be  indis- 
tinguishable. 
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TABLE  III 
Observations 


Date 

Mag. 

Phase 

Telescope 

Camera 

Exposure 

Remarks 

R  Leonis 

1920  Jan.    16 

.       9.0 

—  0. 19 

1 00-inch 

1 8-inch 

164™ 

April    8 

.       6 

4 

+ 

08 

100 

18 

30 

ir 

.        6 

S 

+ 

09 

60 

18 

140 

II 

.       6 

,S 

+ 

09 

60 

18 

40 

May    5 

7 

4 

+ 

16 

60 

18 

152 

II 

7 

6 

+ 

18 

60 

18 

150 

Hubble  observer 

30 

.      8 

3 

+0 

24 

100 

18 

80 

R  Hydrae 

1920  May  31 

.        9.0 

-0.33 

100-inch 

18-inch 

214™ 

July     8 

.        7.8 

-0.25 

100 

7 

50 

R  Serpentis 

1920  May    I 

.       7-6 

+  0.13 

100-inch 

18-inch 

106™ 

30 

.      8.8 

+    .20 

100 

18 

184 

June     I 

.      8.8 

+    .21 

100 

18 

184 

July     8 

.     10.7 

+0.32 

100 

7 

160 

X  Ophiuchi 

19 19  June    9 

6.6 

-0.03 

60-inch 

18-inch 

24™ 

10 

.       6.6 

—    .02 

60 

18 

30 

1920  April    8 

•       7-3 

-    .16 

100 

18 

(70) 

Clouds 

May     I 

.      6.9 

-    .09 

100 

18 

62 

4 

.      6.8 

-    .08 

60 

18 

52 

31 

.      6.6 

.00 

100 

18 

80 

July    5 

7.0 

+    .10 

60 

18 

no 

• 

6 

7.0 

+    .11 

100 

18 

90 

31 

■       7-5 

+    .18 

100 

18 

66 

Sept.    2 

.      8.3 

+    .28 

100 

18 

no 

27 

.      8.8 

+    -35 

100 

18 

180 

Oct.    27 

9.0 

+  0.44 

100 

18 

90 

Clouds 

X  Cygni 

1920  May  30 

.        8.2 

-0.08 

loo-inch 

18-inch 

66'n 

June     I 

.       8.1 

—    -07 

100 

18 

40 

30 

5-2 

.00 

60 

18 

125 

Benioff  observer 

July   29 

.    5.8 

+    .07 

100 

18 

90 

Sept.    3 

.   6.5 

+    .16 

100 

18 

66 

26 

8.1 

+    .21 

100 

18 

180 

Oct.    26 

.      9-6 

+0.29 

100 

18 

180 
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TABLE  III — Caniinited 
Observations 


Date 

Mag. 

Phase 

Telescope 

Camera 

Exposure 

Remarks 

T  Cephei 

191 7  Nov.    3. 
Dec.     3 . 

1918  Jan.      2. 
Oct.    24. 

1920  June    3. 

July     5- 

28. 

Sept.    5- 

7 
6 

5 
7 
8 
8 

9 
10 

6 
8 
8 
2 
0 
9 
4 
I 

—  0.  19 

—  .11 

-  .04 

-  -27 

+   .20 

+  .28 

+    -34 
+0.44 

60-mch 

60 

60 

60 
60 
60 
60 
60 

1 8-inch 
18 
18 
18 
18 
18 
18 
7 

50™ 

80 

60 

150 
240 

364 
508 
520 

Joy  observer 
Joy  observ^er 
Joy  observer 
Joy  observer 

R   SERPENTIS 

Maximum  occurred  on  March  16,  1920,  magnitude  6.1.  The 
facts  concerning  the  following  minimum  are  not  available  at 
present.  It  appears,  however,  that  the  minimum  brightness  was 
not  above  the  fourteenth  magnitude.  The  spectroscopic  observa- 
tions described  in  Table  IV  cover  about  the  central  third  of  th6 
decreasing  branch  of  the  hght  curve. 

X   OPHIUCHI 

Maximum  light  and  the  decreasing  phase  are  well  covered  by 
the  observations.  The  last  plate,  taken  on  October  27,  was  prob- 
ably about  20  days  before  minimum.  The  magnitude  at  this 
time  was  not  more  than  a  few  tenths  above  the  minimum  magnitude. 
On  April  8,  1920,  H7  shows  small  contrast  with  the  continuous 
spectrum;  on  May  i,  this  contrast  is  decidedly  greater.  On 
July  31,  the  titanium  bands  have  a  curious,  blended  appearance; 
the  heads  of  the  bands  are  not  sharp,  and  as  the  absorption  is  less 
than  on  the  preceding  plates  the  bands  are  not  so  pronounced. 
The  bands  are  still  weaker  in  September.  The  decrease  in  intensity 
of  H7  from  September  2  to  September  27  is  striking;  this  line  is 
practically  absent  from  the  spectrum  on  the  latter  date.  The 
only  emission  line  observed  on  the  plate  of  October  27  is  X4571, 
just  at  the  red  edge  of  which  there  appears  a  well-defined  and 
rather  strong  dark  line.     This  has  developed  within  a  month,  as  no 


I  go  PAUL  W.  MERRILL 

absorption  was  observed  in  this  position  on  the  preceding  plate. 
A  somewhat  similar  appearance  of  bright  and  dark  portions  of  the 
same  line  has  been  observed  by  Stebbins^  in  o  Ceti  at  X  4308  and 
X  4376,  and  by  the  writer  in  other  stars  in  connection  with  the 
manganese  line  X  4030.  This  phenomenon  suggests  that  the 
well-known  displacement  of  the  dark  lines  with  respect  to  the  bright 
lines  may  be  due  in  part  to  a  reinforcement  by  a  partially  developed 
emission  line  of  the  continuous  spectrum  on  the  \aolet  edge  of  the 
dark  lines. 

X  Ophiuchi  is  a  double  star,  Hu  198,  with  a  measured  separa- 
tion of  o''2.  The  small  light-range  and  some  of  the  spectral 
peculiarities  may  thus  be  due  to  exceptional  circumstances.  The 
motions  and  light- variations  of  the  components  are  being  investi- 
gated by  Van  Biesbroeck  at  the  Yerkes  Observatory .- 

RESUME    OF    OBSERVED    CHANGES   IN   THE   BRIGHT   LINES 

Upon  combining  the  data  of  Table  IV  with  those  previously 
available  for  Md  stars,  it  is  found  that  certain  phenomena  shown 
by  the  bright  lines  appear  in  substantially  the  same  form  in  several 
stars.  We  thus  conclude  that  these  phenomena  are  characteristic 
of  the  variation  of  Md  stars  and  that  they  are,  therefore,  of  great 
importance  in  the  study  of  the  problems  presented  by  these  remark- 
able objects. 

The  changes  exhibited  by  some  of  the  more  conspicuous  bright 
lines  are  outlined  in  the  following  pages.  In  most  cases  several 
illustrative  instances  are  cited  to  indicate  the  character  and  extent 
of  the  data  upon  which  each  statement  rests.  This  collection  of 
references  and  quotations  may  prove  useful  to  anyone  desiring 
to  review  the  observational  evidence. 

Hydrogen  lines. — The  bright  hydrogen  lines  are  such  con- 
spicuous and  characteristic  features  of  Md  spectra  that  they  have 
been  the  means  in  many  instances  of  the  discovery  of  long-period 
variables  at  the  Harvard  Observatory.  The  variations  of  these 
lines  have  accordingly  attracted  more  notice  than  any  of  the  other 
spectral   modifications   presented    by    Md    stars.     Notes    in    the 

'  Lkk  Observatory  Bulletms,  2,  93,  1903. 

'December,  1920,  meeting  of  the  American  Astronomical  Society. 
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T.\BLE  IV 
Intensities  of  Emission  Lines 


Date 

Phase 

H, 

Hf 

390s      He       H6 

4202    4308    H7    4373 

4376 

4571     H^ 

R  Leonis 

1920  Jan.    16.. . 

—  0.19 
+    .08 
+    -09 
+    .16 
+    .18 
+0.24 

.  .    2 

April    8... 

I 

I  — 
1-5 
1-5 

3 
3 

3-5 
3-5 

I 

0.5 .. 

1+      2 
I            2 

••  i5 

••  15 

15 

15 

•  •     4 

3  •• 

4 

6        3 

6        4 

4  3 

•  •     7 

■  •     7 

10 

12 

+    6 

2 
2 
2 

tr. 

05 

i-S 

I 
I 

II.. . 

May    5... 
II.. . 
30... 

4 
5 
5 

I 
tr 

R  Hydrae 

1920  Mav  31.. . 

-0-33 
—  0.25 

....     I 

3 

July     8... 

.  .     2 

R  Serpentis 

1920  May     I.. . 

+0.13 
+    .20 
+    .21 

+0.32 

0.5  ....!.. 

..    8 
..    8 
..    8 

•  ■     4+ 

2+    2 
3        3 
3        4 

■■    7 

7 
7 
4 

30... 
June     I . . . 

July     8... 

0-5 
0-5 

tr     . . 

I 
I 
0-5 

0-5 
I 

I 

2 

3 

4+ 

2 
3 

X  Ophiuchi 

1919  June    9... 
.  10..  . 

—  0  OX 

..    6 

tr     .  . 

I 

2 

I 

2—     I 

tr       I 

•  ■     4 

•  ■    4 
.  .     2 

■  •     4 

■  •     4 
.  .     6 

•  ■    4 
..    6 

•  •    4 

+    2 

+ 
+ 
+ 
+ 
+ 
+0 

02 
16 
09 
08 
00 
10 
II 
18 
28 

35 

•  •     7 

1920  April    8.. . 
May     I . . . 

•  ■     7 

I  — 

0-5 
0-5 

2 

tr     .  . 
I—  .  . 

..    9 
..    8 
..    9 
.  .     6 

4.. . 

31.. . 

July     5... 

6... 

0-5 

I 

0.5  ■• 

■  •     7 
.  .     2 

31.. . 

Sept.    2... 
27.. . 

I 

X- 

2 
2 

I 

Oct.   27... 

xCygni 

1920  Mav  30.. . 

-0.08 
.07 
.00 
+    .07 
+    .16 
+    .21 
+0.29 

2 

I 

2 

I 

3 
6 

3 

2 

I—  .  . 

2 

I 

I 

tr     .  . 

••     7 
..    6 

••  15 
••  15 
••  15 
••     7 
.  .     x 

tr     .  . 
3        I 
3        3 
3        4 

..     2  + 
. .     2 
••     7 
7 
-    8 

7 
4 

June     I . . . 

o-S 

8 

30.. . 

July   29.. . 

Sept.    3... 

26... 

Oct.   26... 

I 
I 
2 

0-5 

I 

3 

4 

5 
3 
3 

■  ■    :>        T     1  J 

T  Cephei 

1917  Nov.    3.. . 

—  0. 19 

—  .11 

-  .04 

-  .27 
+    .20 
+    .28 
+    -34 

-\-O.AA 

•  ■    3 

Dec.     3... 

2  — 

tr 
5 

I 

■  15 

•■  15 
•  •    4 

I 

2—     2 

2        4 
I—     2 

OS    I 

■  •    4 
..    8 
..     1  + 
+    4 
2 

1918  Jan.      2.. . 

2 

Oct.    24... 

1920  June    3.. . 
July    5... 

28.. . 

2 

0-5 
0-5 

4 
6 

4 

2 

0-5 
O-S 

Sept.    5... 



' 

192 


PAUL  W.  MERRILL 


Harvard  publications  show  that  in  practically  every  Md  star  the 
relative  intensities  of  H7  and  H5  are  subject  to  wide  variations. 

Although  the  bright  hydrogen  lines  (referring  particularly  to 
H7  and  H5)  are  usually  of  very  great  intensity,  nevertheless  it 
appears  that  near  the  phase  of  minimum  light  they  are  weak  or 
absent  from  the  spectrum. 

To  avoid  repetition  certain  references  will  hereafter  be  indicated 
by  number  as  follows: 
(i)  Stehhins,  "The  Spectrum  oi  o  Ceti,''  Lick  Observatory  Bulletms,  2,  78,  1903. 

(2)  Eberhard,  "On  the  Spectrum  and  Radial  Velocity  of  x  Cygni,"  Astro- 
physical  Journal,  18,  198,  1903. 

(3)  Merrill,  "Spectroscopic  Observations  of  Stars  of  Class  Md,"  Publications 

of  the  Astronomical  Observatory,  University  of  Michigan,  2,  45,  1916. 

(4)  Adams  and  Joy,  "Note  on  the  Identification  of  Certain  Bright  Lines  in 

the  Spectrum  of  0  Ceti,"  Publications  of  the  Astronomical  Society  of  the 
Pacific,  30,  193,  1918. 

(5)  Adams  and  Joy,  "Changes  in  the  Spectrum  of  Omicron  Ceti,"  Publications 

of  the  Astronomical  Society  of  the  Pacific,  32,  163,  1920. 

ABSENCE   OR  WEAKNESS    OF   BRIGHT  HYDROGEN   LINES   NEAR   MINTMUM 

oCeti.     i902,Oct.  4,  to  1903,  Jan.  5.    Phase, +0.36  to +0.64.    Reference  (i). 

Hydrogen  lines  weaker  than  other  bright  lines,  or  not  observed  at  all. 

"On  58^  and  59.4   (1903,  Jan.  2  and  5)  the  continuous  spectrum  was 

visible  in  the  H7  and  H5  regions,  but  no  trace  of  a  bright  line  was  seen  in 

either   case.     The   evidence   furnished   by   these  later   plates   therefore 

strengthens  the  conclusion  that  the  bright  lines  disappeared  at  minimum." 
R  Hydrae.     1920,  May  31.     Phase,   —0.33.     Table  IV.     H7  and  H5  not 

observed  although  other  bright  lines  and  some  continuous  spectrum  are 

present. 
X  Ophiuchi.    1915,  June  4.    Phase,  —0.38.    Reference  (3).   Faint  continuous 

spectrum;   no  bright  lines. 
1920,  Sept.  27  and  Oct.  27.     Phase,  +0.35  and  +0  44.     Table  IV.     H7 

and  Hs  are  very  weak  or  absent. 
T  Cephei.     1920,  July  28  and  Sept.  5.      Phase,  +0 .34  and  +0 .44.     Table  IV. 

H7  and  H6  are  not  seen  and  are  certainly  much  weaker  than  other  bright 

lines. 

Adams  and  Joy  found  that  near  the  minimum  of  o  Ceti  the 
usual  hydrogen  lines  were  replaced  by  others  having  quite  different 
characteristics.  Whether  this  is  typical  behavior  for  long-period 
variables  is  not  known. 
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HYDROGEN   LINES   AT   MINIMUM 

o  Ceti.  1920,  Jan.  15  to  Feb.  6.  Phase,  +0.51  to  +0.57.  Reference  (5). 
"The  hydrogen  lines  appear  very  diffuse  and  greatly  displaced  toward 
the  red.  The  brightest  of  the  three  hydrogen  lines  on  this  photograph  is 
Hj3,  H7  being  next  and  Hs  faint." 

Shortly  after  minimum  brightness  the  hydrogen  lines  H7  and 
H5  appear  faintly  as  emission  lines,  H7  being  at  first  much  the 
weaker,  so  that  for  a  time  H5  may  be  seen  alone.  Both  lines  grow 
in  intensity  until  maximum  or  after,  but  H7  gains  relatively  to  H5 
so  that  during  the  decreasing  phase,  before  both  lines  disappear, 
H7  may  become  much  the  stronger. 

In  a  brief  summary  of  the  general  features  of  the  spectra  of 
long-period  variable  stars^  as  photographed  with  objective-prism 
spectrographs  by  the  Harvard  Observatory,  Miss  Cannon  says: 
"Changes  occur  in  the  class  of  spectrum  during  the  light  variation, 
and  in  the  relative  intensities  of  the  bright  lines.  In  some  cases, 
H5  appears  first  and  becomes  from  ten  to  twenty  times  as  bright 
as  H7.  At  maximum  light,  H7  often  reaches  equality  with  H5. 
The  relative  intensities  of  these  two  lines  often  vary  at  different 
maxima  of  the  same  star."  The  results  from  sht  spectrograms,  as 
noted  below,  are  in  harmony  with  Miss  Cannon's  observations. 

CHANGES   IN   RELATIVE   INTENSITIES    OF   Hy   AND   H5 

o  Ceti.  1915,  Nov.  5,  12.  Phase,  —0.2.  Reference  (3).  "On  Nov.  5,  Hy 
is  so  weak  as  not  to  be  readily  visible.  It  is  easily  seen  on  Nov.  12,  but 
is  not  much  stronger  than  the  adjacent  continuous  spectrum.  This  is 
strikingly  at  variance  with  its  appearance  on  my  earlier  plates  and  as 
observed  by  others." 

1919,  Autumn.  Phase  decreasing.  Reference  (5).  "As  the  star  grows 
fainter  ....  the  relative  intensity  of  the  hydrogen  lines  changes,  Hy 
becoming  stronger  with  reference  to  H6." 

R  Leonis.  1920,  April  8  to  May  30.  Phase,  -fo.oS  to  +0.24.  Table  IV. 
Relative  intensities  of  H-y  and  Hs  changed  from  7:15  to  6:4. 

R  Virginis.  1915,  March  28  to  May  7.  Phase,  — o.ii  to  -f-o.i6.  Reference 
(3).     Relative  intensities  of  H7  and  Hs  changed  from  3:4  to  2—  :i. 

X  Ophiuchi.  1920,  April  8  to  July  3.  Phase,  —0.16  to -f 0.18.  Table  IV. 
Relative  intensities  of  H7  and  HS  changed  from  2:7  to  4: 2. 

^  Popular  Astronomy,  27,  527,  1919. 
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X  Cygni.  1 90 1,  Aug.  2  to  Nov.  23.  Phase, —0.03  to +0.24.  Reference  (2). 
"From  Aug.  2  until  Sept.  19  H5  was  considerably  brighter  than  H7;  from 
Oct.  3  to  15  H7  and  HS  differed  little  from  each  other;  on  Oct.  26  they 
were  equal;  and  on  Nov.  9  and  23  H7  was  brighter  than  H5." 
1920,  May  30  to  Oct.  26.  Phase,  —0.08  to  +0.29.  Table  IV.  Relative 
intensities  of  H7  and  H5  changed  from  2+17  to  4:3. 

The  foregoing  are  instances  of  considerable  variation  in  the 
hydrogen  lines  occurring  in  a  single  light  cycle.  IMany  more 
examples  can  be  found  by  comparing  observations  in  different 
cycles,  but  deductions  from  such  comparisons  must  be  made  with 
circumspection  since  it  is  not  safe  to  assume  that  the  behavior 
of  the  spectrum  of  a  long-period  variable  is  identically  repeated 
in  different  cycles. 

The  relative  intensities  of  the  hydrogen  lines  near  maximum  are 
very  different  from  laboratory  values.  The  most  striking  dis- 
crepancies are  the  great  strength  of  H5  and  of  numerous  ultra- 
violet lines,  and  the  relative  weakness  of  Hj8  and  He.  Miss  Maury^ 
and  CD.  Shane^  have  called  attention  to  the  relative  weakness  of 
H/v,  HX,  and  H^i  in  o  Ceti ;  the  same  phenomenon  has  been  observed 
partially  in  other  Md  spectra  through  the  fact  that  the  hydrogen 
series  appears  to  stop  abruptly  with  Ht.  Other  peculiarities  of  the 
hydrogen  series  are  described  by  Shane.  By  combining  the 
results  of  several  observers  it  appears  that  a  bright  Ha  line  may  or 
may  not  be  present  in  the  spectrum  of  0  Ceti.  Unfortunately  this 
line  has  not  been  observed  systematically  over  any  considerable 
period  of  time.  The  variation  in  H/S  is  thought  by  Father  Corties 
to  be  connected  with  the  brightness  of  the  maximum.  According 
to  him,  at  a  bright  maximum  the  titanium  oxide  bands  are  espe- 
cially weak  and  H/3  especially  strong.  This  same  correlation 
between  HjS  and  the  titanium  bands  appears  also  in  comparing 
the  average  characteristics  of  different  stars.^  He  (though  seldom 
observed)  may  increase  relatively  to  H5  and  Hj"  during  the  decline 
in  brightness. 

'  Harvard  Amials,  28,  45,  1897. 

'  Publications  of  the  Astronomical  Society  of  the  Pacific,  32,  234,  1920. 

3  Scientific  American  Supplement,  85,  21,  19 18. 

*  Publications  of  the  Astronomical  Observatory,  University  of  Michigan,  2,  63,  1916. 
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CHANGES   IN   RELATIVE   INTENSITY   OF   H€ 

o  Ceti.     1902,  June  27  to  Sept.  22.    Phase,  +0.07  to  +0.33.     Reference  (i). 

Relative  intensities  of  H5,  He,  and  Hf  changed  from  420:4:30  to  40:10:7. 
R  Leonis.     1920,  April  8  to  May  11.     Phase,  +0.08  to  -f-o.i8.     Table  IV. 

Relative  intensities  of  H5,  He,  and  Hf  changed  from  i5:-:3toi5:2:3.5. 

Observations  by  Shane'  at  the  Lick  Observatory  have  revealed 
the  interesting  fact  that  in  variables  of  Class  N  the  characteristic 
phenomena  connected  with  the  bright  hydrogen  lines  are  much  the 
same  as  in  variables  of  Class  Md.  It  appears,  however,  that  in 
Class  N  the  bright  hydrogen  lines  reach  their  greatest  intensities 
earlier  in  the  light  cycle,  and  are  less  persistent  after  maximum 
light  than  in  the  Md  stars. 

Bright  lines  not  due  to  hydrogen. — Besides  the  hydrogen  series 
there  are  other  bright  lines  subject  to  very  great  changes  in  intensity 
during  the  light  cycle.  The  available  data,  though  rather  frag- 
mentary, make  clear  a  certain  system  in  these  changes  which  is 
undoubtedly  followed  by  several,  and  probably  by  many  or  all, 
Md  long-period  variables.  Accordingly  an  attempt  will  be  made 
in  the  following  paragraphs  to  indicate  some  of  the  phenomena 
connected  with  these  various  bright  lines  as  t^-pical  of  Md  variation. 

X  3905. — This  line,  thought  to  be  due  to  silicon  (3905 .  51  LA.),  is 
(excepting  hydrogen)  one  of  the  strongest  and  most  persistent  of 
the  emission  lines  during  the  time  that  the  star  is  bright.  After 
maximum  it  seems  to  gain  relatively  to  the  hydrogen  lines,  but  it 
is  possible  that  this  increase  arises  from  the  diminution  of  the  latter. 
Its  behavior  near  the  minimum  phase  is  not  known  for  it  has  usually 
been  photographed  only  when  the  continuous  spectrmn  and  the 
bright  hydrogen  lines  are  strong.  It  appears  certain,  however* 
that  X  3905  does  not  grow  stronger  toward  minimum  to  any  such 
degree  as  do  X  4308  and  X  4571  (see  below).  Further  observations 
of  this  line  are  much  to  be  desired. 

X  4202. — This  iron  line  (4202 .033  LA.)  has  very  frequently  been 
observed  as  an  emission  line  in  Md  spectra.  Appearing  about  the 
time  of  maximum,  it  grows  steadily  stronger  during  the  first  part 
of  the  decline  until  it  may  equal  or  surpass  H7  and  H5.  This 
increase  does  not  continue  throughout  the  decreasing  light  phase, 

'  The  Spectra  of  Certain  Class  N  Stars,  Lick  Observatory  Bulletins,  10,  79,  1920. 
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as  toward  minimum  this  line  is  in  turn  exceeded  in  intensity  by 
X  4308  and  X  4571. 

CHANGES   IN   RELATIA'E   INTENSITY   OF    X  4202 

0  Ceti.     1902,  June  27  to  Oct.  6.     Phase,  +0.07  to  +0.37.     Reference  (i). 

Relative  intensities  of  H7,  X4202,  and  H6  varied  from  420:10:420  to 

13:40:13. 
R  Leonis.     1920,  Jan.  16  to  May  30.     Phase,  —0.19  to  +0.24.     Table  IV. 

Relative  intensities  of  H7,  X  4202,  andHS  varied  from  -:-:2  to  6:4:4. 
X  Cygni.     1920,  June  30  to  Oct.   26.     Phase,  0.00  to  +0.29.     Table  IV. 

Relative  intensities  of  H7,  X4202,  and  Hs  varied  from  7:-:  15  to  4:4:3. 
T  Cephei.     1920,  June  3  to  July  28.     Phase,  +0.20  to  +0.34.     Table  IV. 

Relative  intensities  of  H7,  X4202,  and  Hs  varied  from  4: 2-:  2  through 

2:2:-  to  -:  I-:-. 

X  4308. — This  hne,  apparently  belonging  to  the  iron  spectrum 
(4307 .  909  LA.),  becomes  bright  at  a  later  phase  than  the  somewhat 
similar  line  X  4202,  and  grows  stronger  than  X  4202  if  the  observa- 
tions are  continued  a  sufficient  time  past  maximum.  Xear  maxi- 
mum X  4308  is  sometimes  observed  as  an  absorption  line,  usually 
of  low  intensity. 

CHANGES   IN   RELATIVE   INTENSITIES   OF    X  4202    ANT)    X  4308 

0  Ceti.     1902,  June  27  to  Oct.  26.     Phase,  +0.07  to  +0.43.     Reference  (i). 

Relative  intensities  of   X4202,   X  4308,  and  H7  varied  from   io:-:420 

through  19:12: 190  to  40: 60: 13.     X  430S  appeared  between  July  22  and  29; 

phase,  about  +0.16. 
R  Leonis.     1920,  April  8  to  May  30.     Phase,  +0.08  to  +0.24.     Table  IV. 

Relative  intensities  of   X4202,   X  4308,  and  H7  varied  from  3:-: 7   to 

4:3+:6. 
R  Serpentis.     1920,  ]\Iay  30  to  July  8.     Phase, +0.20  to +0.32.     Table  IV. 

Relative  intensities  of  X4202,  X  4308,  and  H7  varied  from  2-|-:2:7  to 

3:4:4- 

X  Cygni.  1901,  Aug.  24  to  Nov.  23.  Phase,  +0.02  to  +0.17.  Refer- 
ence (2).  "X4308  increased  in  brightness  the  fainter  the  star  became." 
1920,  July  29  to  Oct.  26.  Phase,  +0.07  to  +0.29.  Table  IV.  X  4308 
appeared  as  an  emission  line  between  June  30  and  Jidy  29.  Relative 
intensities  of  X  4202,  X  4308,  and  H7  varied  from  3:1:7  to  4:5:4. 

T  Cephei.  1920,  June  3  to  July  28.  Phase,  +0.20  to  +0.34.  Table  IV. 
Relative  intensities  of  X4202,  X  4308,  and  H7  varied  from  2— :2-}-:4  to 
I—: 2:-.  Compare  with  plate  of  191S,  Jan.  2,  on  which  the  intensities 
were  8:-:i.  Compare  also  with  Hs.  Intensities  of  X  4308  and  Hs  on 
1917,  Dec.  3,  1918,  Jan  2,  were  -:is  and  on  1920,  July  5,  4:-.  The 
relative  intensities  of  these  two  lines  must  have  changed  250  or  more  times. 
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X4571. — This  line,  which  is  probably  a  low-temperature 
magnesium  line  (4571. 114  I. A.),  does  not  appear  until  a  later 
epoch  than  X  4202  and  X  4308,  but  gains  in  relative  strength  as  mini- 
mum is  approached.  In  several  instances  it  has  finally  become  the 
strongest  line  in  the  photographic  spectrum.  This  is  probably 
typical  behavior.  This  line  is  usually  observed  near  the  maximum 
phase  as  a  weak  absorption  line. 

CHANGES  IN   RELATIVE   INTENSITIES    OF    X  4308,   H-y,   AND    X  4571 

o  Ceti.     1902,  July  22  to  Oct.  26.    Phase,  +0.14  to  +0.43.     Reference  (i). 

Relative  intensities  of  X4308,  H7,  and  X4571  changed  from  12:190:-  to 

60:13:75. 
1918,  March  2.     Phase,   +0.44.     Reference  (4).     "This  Une  (X4571)   is 

the  most  intense  of  any  on  the  photograph  with  the  exception  of  those 

due  to  hydrogen."     This  precise  condition  was  not  shown  by  any  of 

Stebbins'  photographs  although  it  was  approached  on  Aug.  11,  Aug.  25, 

and  Sept.  6,  1902. 
R  Leonis.     1920,  May  5  to  May  30.     Phase,  4-0.16  to  -I-0.24.     Table  IV. 

Relative  intensities  of  X  4308,  H7,  and  X4571  changed  from  3:10:4  to 

34-:6:s. 
R  Hydrae.     1920,  May  31.     Phase,   —0.33.     Table  IV.     Only  two  bright 

lines  are  visible,  X  4308  and  X4571.     Compare  with  the  observation  of 

July  8,  and  with  the  Ann  Arbor  observations. 
R  Serpentis.     1920,  May  30  to  July  8.     Phase,  -f  o,  20  to  -fo.32.     Table  IV. 

Relative  intensities  of  X4308,  H7,  and  X4571  changed  from  2:7:2  to 

4:4:4+- 
X  Cygni.     1920,  July  29  to  Oct.  26.     Phase.  +0.07  to  -I-0.29.     Table  IV. 

Relative  intensities  of  X  4308,  H7,  and  X  4571  varied  from  i  :7:-  to  5:4:4. 
T  Cephei.     1920,  June  3  to  Sept.  5.     Phase,  -i-0.20  to  -I-0.44.     Table  IV. 

Relative  intensities  of  X  4308,  H7,  and  X4571  changed  from  2-|-:4:4  to 

I :-:2. 

GENERAL   DISCUSSION 

It  should  not  be  inferred  that  the  foregoing  references  repre- 
sent all  the  known  observational  material  bearing  on  each  line. 
They  have  been  selected  as  the  most  complete  and  reliable  illustra- 
tions of  the  changes  under  discussion.  Fragmentary  observations 
indicate  that  the  same  course  of  spectral  variation  is  followed  in 
other  stars,  and  in  these  same  stars  in  other  light  cycles. 

In  Figure  i  an  attempt  has  been  made  to  display  graphically 
the  changes  in  the  intensities  of  the  lines  H7,  H5,  and  X  4202,  X  4308, 
and   X4571,   as   related   to   the   light   phase.     The   relationships 
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depicted  are  believed  to  be  typical  of  long-period  variables  of 
Class  Md.  It  is  clear  that  considerable  differences  exist  between 
the  spectra  of  different  stars  at  any  given  phase,  but  all  stars  of  the 
o  Ceti  type  which  have  been  adequately  observed  have  shown,  with 
no  very  great  variations,  the  changes  in  spectrum  indicated  in 
Figure  i.  The  phases  at  which  certain  lines  appear  or  disappear 
may  vary  somewhat  in  different  stars.  Figure  i  is  intended  to  rep- 
resent the  average  behavior  of  the  small  group  of  stars  observed,  and 
may  require  modification  when  more  complete  data  become  available. 


Fig.  I. — Intensities  of  bright  lines  in  Md  spectra  in  relation  to  the  variation  in 
total  light.  The  light-curve,  which  is  the  mean  curve  for  o  Ceti,  R  Leonis,  R  Hydrae, 
X  Cygni,  and  T  Cephei,  has  an  amplitude  of  5  .3  magnitudes.  The  amplitudes  of  the 
other  curves  are  not  determined. 

The  method  of  comparing  observations  of  different  stars  by 
referring  them  to  the  light  phases  counted  from  maximum  to  maxi- 
mum is  obviously  but  a  first  approximation.  For  an  exact  com- 
parison of  the  behavior  of  different  stars  the  light-curves  cannot 
be  assumed  to  be  of  the  same  shape,  or  to  be  identically  repeated 
in  different  cycles.  In  a  final  discussion  the  circumstances  of  any 
particular  cycle  should  be  recognized  either  by  counting  the  phase 
from  maximum  to  minimum  instead  of  from  maximum  to  maximum, 
or  by  dropping  the  time  relation  and  using  instead  the  magnitude 
when  observed,  as  compared  with  the  magnitudes  at  the  maximum 
and  minimum  of  the  same  cycle. 

In  addition  to  the  lines  which  have  been  discussed  in  the  pre- 
ceding pages  a  large  number  of  other  less  conspicuous  bright  lines 
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have  been  observed  in  Md  spectra,  including  XX  3852,  3967,  4007, 
4030,  4102,  4138,  4178;  4215,  4233,  4373.  4376,  and  4512,  all  of  which 
appear  subject  to  variation.  The  intensities  of  X  4373  and  X  4376 
are  found  in  Table  IV.  After  some  further  observations  have  been 
secured  several  of  these  lines  can  probably  be  grouped  according  to 
their  behavior  and  compared  with  the  stronger  lines  X  4202,  X  4308, 
and  X4571.  They  may  thus  prove  useful  aids  in  interpretation. 
It  is  hoped  to  discuss  them  in  a  future  contribution. 

Adams  and  Joy  have  pointed  out  that  "the  bright  lines  appear- 
ing in  the  spectrum  of  o  Ceti  near  minimum  of  light  are  lines  which 
are  strengthened  at  low  temperatures.'"  This  is  undoubtedly 
correct,  but  it  appears  that  some  other  cause  in  addition  to  low 
temperature  must  be  operative  to  produce  the  observed  peculiari- 
ties. The  magnesium  line  4571  is  indeed  an  extreme  low-tempera- 
ture line  and  its  behavior  strongly  suggests  low  temperature  as  the 
prevailing  condition  near  minimum.  With  X  4202  and  X  4308 
and  some  other  lines,  however,  the  case  is  not  so  clear.  There  is 
no  apparent  reason  why  certain  of  these  lines  should  be  so  strongly 
accentuated  as  compared  with  other  lines  of  the  same  elements  in 
the  same  temperature  class^  and  having  comparable  intensities. 
It  will  probably  be  well  to  reserve  discussion  of  temperature  and 
other  physical  conditions  until  the  fainter  emission  lines  mentioned 
in  the  foregoing  paragraph  have  been  more  extensively  observed. 

It  is  believed  that  the  spectral  changes  described  in  this  paper 
have  such  intimate  connection  with  the  light  variations  of  Md  stars 
that  a  knowledge  of  them  is  quite  essential  to  a  correct  general 
interpretation  of  the  phenomena  exhibited  by  stars  of  this  class. 
More  complete  observations  of  the  bright  lines,  of  the  dark  lines 
and  bands,  and  especially  of  the  spectrum  near  minimum  will  be 
required  as  a  basis  for  a  satisfactory  discussion  of  the  conditions 
prevailing  in  these  stars  and  of  the  causes  of  variation.  The 
writer  is  inclined  to  favor  the  ''veil  theory"  of  variation  as  outlined 
a  few  years  ago,^  but  even  if  this  be  correct  much  amplification  will 
be  needed. 

'  Publications  of  the  Astronomical  Society  of  the  Pacific,  30,  193,  1918. 
^  King,  Ml.  Wiison  Contr.,  No.  66;  Astrophysical  Journal,  37,  309,  1913. 
^Publications  of  the  Astronomical  Observatory,  University  of  Michigan.,  2,  70,  1916  • 
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0  Ceti,  the  brightest  of  the  long-period  variables  and  ha\ing  a 
period  which  differs  appreciably  from  a  year,  offers  the  strategic 
point  for  an  observational  attack  on  the  physical  problems  of  JVId 
variation,  pro\aded  we  are  justified  in  assuming  that  the  remarkable 
spectral  features  of  this  star  and  their  variations  are  not  isolated 
peculiarities  but  may  be  accepted  as  t\'pical  ^Id  phenomena- 
One  consequence  of  the  present  discussion  may  be  increased  confi- 
dence that  this  is  the  case. 

Mount  Wilson  Observatory 
December  1920 


THE  ORBITS  OF  SEVEN  SPECTROSCOPIC  BINARIES^ 

By  R.  F.  SANFORD 

ABSTRACT 

Seven  spectroscopic  binaries.  Boss  j/j,  OS  82,  Lalande  2gjjo,  Companion  to  a 
Herculis,  205  Draconis,  Boss  55gi,  Lalande  46867. — The  elements  of  the  orbits  have  been 
derived  from  15  to  30  spectrograms  of  each,  most  of  them  made  with  an  18-inch 
camera  and  the  60-inch  or  100-inch  reflector.  In  the  case  of  the  first,  fifth,  and 
sixth  binaries,  both  components  were  measured.  The  periods  are  each  about  4  days 
except  for  the  fourth  and  seventh,  which  are  51.6  and  6.72  days  respectively.  Radial- 
velocity  diagrams  are  shown  in  Figures  1-7.  The  spectroscopic  parallax,  proper  motion, 
and  absolute  magnitude  of  each,  as  furnished  by  Adams  and  Joy,  are  given  in  Table  I. 
Lalande  29330  and  46867  are  particularly  interesting  because  of  low  luminosity,  +6, 
and  late  spectral  class,  K.  Lalande  46867  is  very  similar  in  spectroscopic  peculiari- 
ties to  cr  Geminorum. 

a  Herculis  and  companion. — The  radial  velocity  of  the  center  of  mass  of  the  com- 
panion is  —37.2  km/sec,  whereas  that  of  a  Herculis  is  —32.2  km/sec;  and  from  the 
parallax  they  are  separated  at  least  250  astronomical  units.  These  facts  indicate  that 
they  probably  form  merely  an  optical  pair. 

Probable  eclipsing  variable  star. — The  data  for  20^  Draconis  suggest  that  it  would 
be  a  favorable  case  to  examine  for  variabihty  caused  by  eclipse.  Its  magnitude  is 
7.2  and  spectral  class  F2. 

This  paper  deals  with  the  derivation  of  the  elements  of  the 
orbits  of  the  seven  spectroscopic  binary  stars  listed  in  Table  I. 

TABLE  I 


Name 


Mag. 

a  1900 

6.3 

jh^gm 

7.0 

4  17 

^•5 

16       I 

5-4 

17    10 

7-2 

18  45 

6.9 

21  40 

7-3 

23  50 

S  1900 


Spectral 
Class 


Abs. 
Mag. 


sp. 


No. 
Rev. 


Boss  373  =  2  145.  . 

02  82 

Lalande  29330. . .  . 
Comp.  a  Herculis- 

Boss  4374 

205  Drac.  =  /3  97i. 
Boss  5591  =  Pi.  267 
Lalande  46867  . . . 


+  25°  14' 
+  14  49 
+  10  57 

+  14  30 
+49  19 
+  28  19 
+  28     5 


F3-F3 

F9 

Ko 

F9 

F2-F2 
A9-A9 
K2 


+  2.6 
+4.1 
+6.0 

+  1-7 
+  1.4 
+  2.3 
+6.0 


0-I3S 
0.096 
0.491 

0.032 


0.061 
0573 


o'oiS 
0.024 
0.032 

0.018 
0.005 
0.009 
005s 


161 
194 
350 

7 
119 

103 
179 


The  last  four  columns  of  the  table  give,  respectively,  the 
absolute  magnitude,  proper  motion,  spectroscopic  parallax,  and 
number  of  revolutions  of  the  binary  in  its  orbit  between  the  first 
and  last  observations.  Six  of  the  stars  were  announced  as  binaries 
in  a  note  by  Adams  and  Joy,^  who  have  also  furnished  from  manu- 
script the  data  for  absolute  magnitude,  proper  motion,  and 
spectroscopic  parallax. 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  201. 

*  Publications  of  the  Astronomical  Society  of  the  Pacific,  31,  41,  1919. 
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The  spectroscopic  parallaxes  for  the  first,  fifth,  and  sixth  binaries 
may  be  considerably  in  error,  since  blends  of  the  spectra  of  the 
two  stars  may  affect  the  relative  intensities  of  the  lines  used  for  the 
determination  of  the  absolute  magnitudes.  The  spectral  class  in 
these  three  cases  is  indicated  for  both  components.  The  elements 
of  three  of  the  above  binaries  have  been  previously  armounced  by 
the  writer.^ 

The  spectrograms  upon  which  the  orbits  depend  were  obtained 
with  spectrographs  of  one-prism  dispersion  and  an  1 8-inch  camera, 
the  only  exceptions  being  a  few  plates  of  Lalande  29330,  noted 
in  Table  I\^,  which  were  obtained  with  a  7-inch  camera.  Both  the 
60-inch  and  the  100-inch  reflector  were  used:  in  all  cases  the  let- 
ter prefixed  to  the  plate  number  indicates  the  telescope — a  Greek  7 
for  the  60-inch  series,  and  the  letter  C  for  the  100-inch  series. 
Except  where  noted  in  the  remarks,  Seed  30  plates  were  used. 

An  effort  was  made  in  each  case  to  determine  the  period  as  soon 
as  possible  and  thereafter  to  secure  with  the  minimum  number  of 
plates  a  reasonably  good  distribution  over  the  velocity-curve. 
In  some  cases  this  has  led  to  the  determination  of  the  elements  from 
rather  fewer  plates  than  has  usually  been  the  custom.  But  no 
great  increase  in  accuracy  would  have  been  possible  without  the 
addition  of  a  very  considerable  number  of  observations  and  it  was 
considered  better  to  spend  the  time  in  the  investigation  of  other 
orbits  rather  than  accumulate  observations  on  a  few  binaries. 

The  tables  of  observations  accompanying  the  indi\'idual  discus- 
sions are  similar,  each  giving  the  plate  number,  date,  Greenwich 
mean  time  of  mid-exposure,  the  phase  from  periastron,  the  measured 
velocity,  the  residuals  from  the  final  elements,  the  weights  assigned 
when  any  distinction  has  been  made  among  the  plates  of  a  binary, 
and  finally  such  remarks  as  seemed  necessary.  WTien  the  spectra  of 
both  components  have  been  measured  on  the  same  plate  two  columns 
for  velocities  and  two  sets  of  residuals  are  given  in  the  tables. 

A  few  general  remarks  will  make  clear  the  procedure  which  has 
been  followed  and  will  avoid  unnecessary  repetition. 

Since,  in  every  case  but  one,  at  least  100  revolutions  of  the  stars 
in  their  orbits  separate  the  first  and  last  observations,  it  seemed 

'  Publications  of  the  Astrofiomical  Society  of  the  Pacific,  32,  192,  1920. 
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justifiable  to  assume  that  the  period  already  determined  needed 
no  correction.  Except  for  Lalande  29330  and  the  companion  to 
a  Herculis,  the  preliminary  period  has,  therefore,  been  taken  as 
final.  The  freehand  velocity-curves  drawn  through  the  plotted 
observations  were  used  to  determine  preliminary  elements  by 
Russell's  method.^  When  a  velocity  diagram  included  the  curves 
of  both  components,  the  preliminary  elements  used  were  based 
upon  both  curves,  excepting  of  course  the  semi-amplitude  of 
velocity  variation,  K.  For  such  binaries  the  elements  were  cor- 
rected by  the  method  of  least  squares,  using  the  equations  of 
condition  given  by  Harper,^  in  which  a  single  set  of  normal 
equations  is  derived  from  the  observed  velocities  of  both  pri- 
mary and  secondary.  Assuming  the  period  to  be  known  and 
noting  that  the  angles  of  periastron  for  primary  and  secondary 
differ  by  180°,  it  is  readily  seen  that  there  are  six  independent 
elements  to  be  corrected,  so  that  the  normal  equations  involve  six 
unknown  quantities.  For  the  binaries  showing  only  one  spectrum, 
the  equations  adapted  by  Schlesinger^  were  used  to  derive  correc- 
tions to  the  preliminary  elements. 

In  all  cases  where  the  elements  are  given  for  two  components, 
those  which  are  common  to  the  two  have  not  been  repeated. 
Those  which  belong  to  the  secondary  alone  are  distinguishable  by 
the  subscript  i. 

A  radial  velocity  diagram  has  been  drawn  for  each  binary 
(Figs.  1-7).  The  zero  for  the  abscissae  corresponds  to  the  epoch 
of  periastron.  The  curves  are  based  upon  the  elements  adopted 
as  final;  the  individual  velocities  are  represented  by  circles  with 
radii  equal  to  the  probable  error  of  a  velocity  of  unit  weight;  and 
a  broken  line  indicates  the  velocity  of  the  center  of  mass  (7). 

The  details  for  the  individual  stars  are  briefly  as  follows: 

BOSS  373 

This  star  is  the  brighter  component  of  the  double  2  145.  The 
fainter  component  is  of  the  eleventh  magnitude,  11"  distant,  in 

'  Astrophysical  Journal,  40,  282,  1914. 

*  Piihlications  of  the  Dominion  Observatory,  i,  327,  1914. 

3  Publications  of  the  Allegheny  Observatory,  i,  2>Zj  1908. 
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p. a.  32°.     Measures  separated  by  35  years  show  no  evidence  of 
orbital  motion. 

Table  II  gives  the  nineteen  spectrograms  available  for  the 
derivation  of  the  elements,  and  three  others  subsequently  obtained. 
Fifteen  of  these  gave  velocities  for  both  components  and  showed 

TABLE  II 
Observations  of  Boss  373 


Plate  No. 


y  7272 

7379 
7412 
7448 
7582 
7596 
7603 
7618 
7628 

7639 
7646 
7662 
7739 
7769 
7782 
7850 
8942 
8958 
8991 
9428 
9502 
9519 


D.\TE 


1918  Aug. 
Sept. 

Oct. 
Nov. 

Dec. 


1919  Jan.  II 


Feb. 
1920  Jan. 

Feb. 
Aug. 

Sept. 


17 


G.M.T. 


23*^57" 
22  53 

22  37 
21  26 
18  43 
17  56 

17  22 

18  19 

18  16 
16  30 

19  22 
16  34 
16  48 
18  05 
16  20 
15  45 

15  50 

16  07 
15  02 

23  48 

21  45 

22  24 


Phase 


3'?88o 
1.228 
4.217 
1.560 
0.969 

1-934 
3. 181 
4.212 

0.775 
1 .  702 
2.820 
1 .  269 
3.106 
2.724 
0.217 
0.018 
3-851 
2.429 

3-775 
1-315 
0.622 

3-657 


Velocity 


Prim.  Second. 


km/sec. 
-25.2   I   +44 
+68.9  I    -60 

+  12.8 
+39-8  I   -28 
+  76.1   I    -74 

+  10.2 

-76.3  I   +90 
-4-10.4 

+  79-5  I    -83 
+  10.  2 


-68. 4 
+61.2 

-74-5 
-58.6 
+  72.1 
+47-3 
-35-1 
-50-7 
-44-8 
+60.8 
+81.7 
-55-4 


+  78 
-67 
+87 
+  78 
-68 
-47 
+47 
+55 
+53 
-44 
-60 
+64 


0-C 


Prim.  Second. 


+  6 
+  5. 
+  o. 
+  5- 

-  5- 
+  12. 

-  3 

-  I , 

-  9 

-  9 

-  2, 
+  o. 


km/sec. 


+ 


I 

+   I- 

I 

—   0. 

5 

+  17. 

5 

—  0. 

0 

+  4. 

9 

—  0. 

I 

+   I- 

2 

+  14. 

I 

+  3- 

5 

+  23- 

I 

-  3- 

8 

—  10. 

4 

—    I. 

3 

+   I. 

8 

-   3 

6 

-   7 

6 

+  0 

I 

—    I 

I 

—    2 

3 

+  7 

9 

+  27 

0 

-  3 

Wt. 


05 
1 .0 

o-S 
0-5 

I.O 

0-5 

1 .0 

0-5 
1 .0 


1 .0 
1 .0 
0-5 
0-5 
1.0 


that  both  are  of  spectral  class  F3.  On  the  other  four  plates  the 
velocities  of  the  two  components  differ  so  little  that  with  the  dis- 
persion employed  the  lines  could  not  be  separately  measured.  Mr. 
Joy  had  obtained  4.4  days  as  an  approximate  period,  which  soon 
led  to  4.43474  days  as  the  best  value  for  the  assembly  of  the 
observations  about  a  single  epoch. 

The  following  preliminary  elements  were  found: 

P  =4 .43474  days  iv  =  79  km /sec. 

e  =0.12  7*^1  =  89  km /sec. 

CO  =270°  T  =J.D.  2,421,940.65 

coi  =  9o°  7  =+5  km/sec. 
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The  four  plates  on  which  the  hnes  of  the  two  components  are 
blended  were  combined  into  two  normal  places;  otherwise  each 
plate  furnished  a  conditional  equation  for  each  component,  thus 
giving  a  total  of  thirty-four  equations.  The  weights  depend  upon 
the  separation  of  the  lines  of  the  two  components  and  refer  equally 
to  the  velocities  for  primary  and  secondary.  Two  least-squares 
solutions  were  made  with  the  corrections  to  six  elements  as 
unknowns.  In  the  second  solution  the  corrections  were  small  for 
all  except  oj  and  T.  A  third  solution  was  then  made  assuming  all 
elements  to  be  definitive  except  these  two.     This  solution  gave 
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Fig.  I — Velocity-cunes  of  Boss  373 

only  slight  corrections.  The  second  solution  (six  unknowns)  and 
the  third  (two  unknowns)  yield  elements  from  which  nearly  identical 
residuals  result.  In  either  case  the  quantity  Upv^  is  little  more 
than  50  per  cent  of  its  value  for  the  preliminary  elements.  Apply- 
ing the  corrections  obtained  by  the  three  solutions  and  deriving 
the  probable  errors  from  the  second  solution  we  have  the  following 
final  elements: 

r  =  J.D.  2,421,940.9865 ±o'^oo53 
7  =  -1-4. 6  km/sec. 
a  sin  4  =  4,942,100  km 
fli  sin  i=  5,371,800  km 
m  sin3  /=i  .16  O 
Wi  sin3  i  =  i  .06  O 


P  =4.43474  days 
e  =o.io8±o.oii 
Q)  =295?58±5?o2 
a>i  =  ii5?58±5?02 
K  =8i.5±i.3  km/sec. 
Xi  =  88.6±i.3  km/sec. 
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The  probable  error  of  a  radial  velocity  of  unit  weight  based 
upon  all  the  residuals,  including  those  from  the  four  plates  with 
blended  spectra,  is  =*=  3 . 5  km/sec.  The  three  observations  obtained 
after  the  elements  were  derived  have  been  plotted  upon  the  velocity 
diagram  (Fig.  i)  as  barred  circles.  The  velocity  for  the  secondary 
star  from  79502  is  discordant.  This  plate  is  strongly  exposed. 
The  velocity  derived  from  H7  alone  is  —81  km /sec,  which  agrees 
fairly  well  with  the  curve. 

OS  82 

The  star  is  a  visual  binary  in  comparatively  rapid  motion, 
the  position  angle  having  changed  about  180°  since  discovery.  The 
elements  by  different  computers  still  differ  widely,  however,  the 
periods  ranging  from  90  to  158  years.  The  last  available  observa- 
tions of  the  visual  pair  were  kindly  furnished  by  Dr.  Aitken.  In 
191 6  the  position  angle  was  about  75°  and  the  separation  about 
o'i'j.  During  the  period  covered  by  the  spectrograms  it  was  not 
possible  to  separate  the  brighter  star  from  the  fainter  on  the  slit, 
even  with  the  100-inch  reflector.  Consequently  light  from  both 
visual  components  entered  the  slit,  but  in  the  time  needed  to  get 
a  good  spectrogram,  component  B,  two  magnitudes  fainter  than  A, 
could  produce  no  appreciable  effect  upon  the  photographic  plate. 
Consequently  the  spectroscopic  binary  here  studied  is  star  A. 

The  data  of  the  fifteen  plates  available  are  given  in  Table  III. 
The  five  plates  taken  on  successive  nights  showed  the  period  to  be 
close  to  four  days,  and  a  subsequent  adjustment  of  all  fifteen 
observations  was  best  made  by  using  P  =  4. 00000  days. 

Since  the  period  is  an  exact  number  of  days,  it  was  impossible 
to  observe  all  parts  of  the  velocity-curve.  Fortunately  two  of  the 
regions  that  could  be  observed  correspond  to  maximum  and 
minimum  radial  velocity.  Little  would  have  been  gained  by 
multiplying  observations  of  the  four  parts  of  the  curve  that  can 
be  represented,  and  it  was  therefore  decided  to  derive  the  best 
elements  possible  from  the  fifteen  plates  available. 

The  curve  resulting   from  an   assembly   of  the    observations 

about  a  single  epoch  gave  the  following  provisional  elements: 

P  =  4 . 00000  days  K  =  $s  .0  km/sec . 

6  =  0.15  r  =  J.D.  2,422,274.680 

co  =  o?oo  7  =  -|-37  .4  km/sec. 
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These  were  once  corrected  by  the  method  of  least  squares 
applied  to  the  equations  of  Schlesinger.  The  resulting  elements 
and  their  probable  errors  are  adopted  as  final  for  the  data  available : 

P=4. 00000  days  X  =  36 .1  ±0.7  km/sec. 

e  =  o.o6o±o.o2o  T  =  J.D.  2,422, 274. 8123 ±o'?240o 

co  =  +  i2?74±i3?56         7  =  4-37.4  km/sec. 
a  sin  i=  1,980,000  km 


m\  sin3  i 


=0.0193  O 


TABLE  III 
Observations  of  02  82 


Plate  No. 


765II 

6655 

6761 

7451 

8782 

8850 

8858 

8865 

C   213 

C   217 

7  8908 

78922 

C   244 

C   245 

C   282* 

T38o4t 

*  Seed  23. 


Date 


1917  Dec. 

1918  Jan. 
Mar. 
Oct. 

1919  Oct. 
Nov. 


Dec. 

1920  Jan. 

Feb. 


30 
30 
22 
18 
13 


13 
14 
9 
13 
12 

13 


1914  Oct.  26 


G.M.T. 

Phase 

Velocity 

km/sec. 

18^43- 

2'?968 

+45 -o 

15  44 

1.844 

+  4 

3 

15  45 

0.844 

+34 

6 

0  08 

2.194 

+   7 

4 

0  25 

2.205 

+   7 

4 

20  38 

3.048 

+43 

2 

22   13 

0.114 

+  74 

8 

17  25 

0.914 

+31 

5 

22   18 

2. 117 

+   I 

0 

19  26 

2.998 

+42 

5 

20  57 

0.061 

+  73 

8 

16  49 

3.889 

+  76 

2 

19  07 

1.985 

+  9 

6 

15  30 

2.833 

+.34 

4 

15  06 

3-817 

+  74 

5 

22  10 

2.  no 

+  11 

3 

0-C 


km/sec. 
+3-6 
+0.9 
-1-5 
-03 
-0.6 

-2.7 
+  2.4 
-0.6 

-5J: 
-0.6 
+0.  2 
+0.7 

+5-4 
+0.4 
-0.9 

+  5-4 


t  Not  used  for  orbit. 


The  quantity  l^pv""  corresponding  to  these  elements  is  less  than 
50  per  cent  of  its  value  for  the  preliminary  elements.  The  probable 
error  of  a  velocity  of  unit  weight  is  =1=2.0  km/sec.  The  size  of 
the  probable  error,  the  sum  of  the  residuals,  the  small  number  of 
observations,  and  the  uncertainties  that  enter  because  of  the 
limited  portions  of  the  velocity-curve  which  can  be  observed,  render 
further  approximations  inadvisable. 

After  the  elements  had  been  derived  it  was  discovered  that  a 
spectrogram,  listed  at  the  end  of  Table  III,  had  been  taken  on 
October  26,  1914.     The  velocity  from  this  plate  has  been  plotted 
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in  the  diagram  (Fig.  2)  as  a  barred  circle.  Four  hundred  and 
sLxty-one  revolutions  of  the  binary  separate  this  plate  from  the 
epoch  of  the  velocity  diagram.  If  the  period  were  lengthened  by 
0.00050  of  a  day,  this  velocity  would  fall  upon  the  curve  and  the 
distribution  of  the  other  velocities  would  hardly  be  affected;  but 
as  it  stands  the  representation  is  as  good  as  for  some  of  the  other 
plates,  and  the  period  has  been  left  as  previously  found.  After 
the  lapse  of  several  years  it  will  be  possible  to  make  any  slight 
change  in  the  period  that  may  be  necessary. 
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Fig.  2. — Velocity-curve  of  02  82 


Days 


From  spectrograms  of  19  members  of  the  Taurus  stream, 
Adams,  Joy,  and  Stromberg'  find  +39  km/sec.  as  the  mean  radial 
velocity  of  the  group.  The  velocity  of  the  center  of  mass  of 
0282  A  found  above  for  1919  is  +37.4  km/sec.  Bearing  in 
mind  that  the  period  of  the  visual  binary  is  certainly  more  than 
50  years  and  that  the  mass  of  the  visual  component  B  almost, 
certainly  is  less  than  that  of  A  (it  is  two  magnitudes  fainter),  the 
radial  velocity  of  component  A  (+37.4  km/sec),  the  proper 
motion,  and  the  position  seem  to  designate  the  system  as  a  member 


'  Publications  of  the  Astronomical  Society  of  the  Pacific,  32,  195,  1920. 
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of  the  Taurus  stream.  The  mean  value  of  the  parallax  for  the 
group  from  the  determinations  of  Boss  and  of  Kapteyn,  and  from 
the  spectroscopic  results,  giving  equal  weight  to  each,  is  +o''o23. 
If  we  call  Ma  the  mass  of  visual  component  A ,  and  Mb  the  mass 
of  visual  component  B,  we  can  compute  the  value  of  Ma-\-Mb  for 
each  of  the  three  orbits  given  by  Hussey.^  Further,  if  we  assume 
the  velocity  of  the  center  of  mass  of  the  visual  binary  to  be 
+39  km/sec,  the  velocity  of  B  can  be  derived  from  the  velocity  of 
yl (+37. 4  km/sec.)  and  the  parallax,  +o''o23.     From  the  velocities 

of  ^,  B,  and  the  center  of  mass  the  ratio  — -^  can  be  calculated 

^A  M 

for  each  set  of  elements.     The  values   {Ma-\-Mb)  and  ^— ^  then 

Ma 
give  Ma   and  Mb  corresponding   to   each   orbit.     The  quantity 

7—^ r- ,  derived  from  the  spectroscopic  observations,  contains 

m-\-fni  =  MA ,'  hence,  if  we  substitute  successively  the  values  of  i 
given  for  each  of  the  three  visual  orbits,  Ma  may  be  split  up  into 
the  two  parts  m  and  nij.     The  results  are  as  follows: 


Orbit  by 

Glasenapp 

Gore 

Hussey 

Unit  is 
mass  of  sun 

/1.17 

■■«no.77 

4-4^\i.oi 

A        /5-°4 
6. 19  < 

Mb 

0.78 

0.68 

0-93 

These  values  are  given  with  the  clear  understanding  that  they 
are  based  upon  the  assumption  that  the  radial  velocity  of  the 
center  of  mass  of  02  82  differs  in  nowise  from  the  mean  value  for 
19  other  stars  of  the  group.  Furthermore  no  one  of  the  three 
sets  of  visual  elements  is  probably  correct,  nor  does  it  follow  that 
i  has  even  approximately  the  same  value  in  the  spectroscopic  orbit 
as  in  the  visual  orbit. 

N^ote  added  February  17,  IQ21. — Exceptionally  good  conditions 
of  seeing  upon  the  night  of  November  23,  1920,  made  it  possible  to 
separate  stars  A  and  B  of  the  visual  binary  OS  82  with  the  100-inch 
telescope,  and  an  attempt  was  made  to  secure  the  spectrum  of 
star  B  separated  from  that  of  star  A.  As  the  position  angle,  75°, 
is  not  favorable,  guiding  was  difficult.     The  velocity  derived  from 

'  Publications  of  the  Lick  Observatory,  5,  60,  1901. 
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measurement  of  this  plate  is  +38.6  km/sec.  The  velocity  pre- 
dicted from  the  elements  of  the  spectroscopic  binary,  star  A,  is 
+5.0  km/sec.  Hence  there  is  no  question  but  that  the  spectrum 
obtained  is  that  of  B.  Furthermore  this  velocity  is  that  of  the 
Taurus  stream  which  was  used  in  the  discussion  of  the  probable 
masses.  The  spectral  class  of  B  is  not  greatly  different  from  that 
of  A ,  though  probably  slightly  later. 


LALANDE    29330 

This  binary  is  of  particular  interest  because  of  its  low  luminos- 
ity (abs.  mag.  =  4-6.0)  and  late  spectral  class,  Ko.  The  twenty 
plates  upon  which  its  orbit  is  based  are  summarized  in  Table  IV. 
Spectrograms  upon  five  succeeding  nights  led  to  a  trial  of  periods 
around  four  days.  A  smooth  velocity-curve  was  obtained  when 
P= 4 .  28495  days  was  used.     This  yielded  the  preliminary  elements : 

P= 4. 28495  days  i(C  =  38.2  km/sec. 

e=o.io  r=J.D.  2,422,418.619 

co  =  i34°  7=  —  60.3  km/sec. 

TABLE  IV 
Observations  of  Lalande  29330 


Plate  No. 


Date 


G.M.T. 

Phase 

ig^og'^ 

4"?  09  5 

16  33 

4.281 

21  30 

1-815 

20  54 

0.225 

18  42 

0.708 

16  15 

2. 611 

23  26 

3.240 

16  18 

0.962 

23  15 

0.917 

23  42 

1.936 

21  28 

2.843 

22  26 

3.884 

20  57 

3.826 

21  32 

0.565 

18  45 

I  450 

18  57 

2.317 

22  14 

2.885 

18  30 

3  729 

16  10 

0.337 

21  30 

3-427 

16  36 

0.944 

Velocity 


0-C 


Wt. 


74886* 

4985*- 

5759*- 

5862*. 

5918*. 

6040* . 

6861*. 

7231*. 

C  349 • • 

354-. 

359- • 

363  •■ 

407 -. 

413  •• 

4I5-- 

433  •• 

465-. 

468.. 

471.. 
492t. 
557.- 


1916  June  18 
Aug.  13 

191 7  May  3 
June  9 
July  I 
Aug.  2 

1918  Apr.  25 
Aug.  21 

1920  Apr 


May 


km/sec. 

-  430 
-56.8 

-  84.5 

-  67.8 

-  93-8 
-36-7 
-20.8 

-  94-8 

-  99-0 
~   75-3 

-  31-7 

-  29.9 


June 


26 
4 
5 
6 

26 
Julv    28 


-  88.9 

-  59-6 

-  35-9 
-26.5 

-  80.8 

-  20.6 

— lOI . I 


km/sec. 
+0.1 
-1.8 
-4.8 
+  2.3 
—  o.  2 
+6.8 
+  2.6 
+3-3 
-1-3 
-0.8 
+  2.4 

-\-2  .  2 

-1-3 
+3-5 
+3-5 
-2.6 

-3-3 
0.0 

-3-8 
+  1-5 
-3-1 


0-5 
0.5 
0.5 
0-5 


*  7-inch  camera. 


t  Underexposed. 
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The  first  eight  plates  were  secured  with  a  camera  of  7  inches 
focal  length  instead  of  the  usual  18-inch  camera.  These  and  one 
of  the  later  plates,  which  was  much  underexposed,  were  given 
half-weight,  all  the  others  unit  weight.  A  least-squares  solution 
with  twenty-one  conditional  equations  was  made  by  Schlesinger's 
method  for  the  correction  of  all  six  elements.  The  changes  for 
P,  K,  and  7  were  small,  while  those  for  the  other  three  elements 
were  of  sufficient  size  to  require  a  second  least-squares  solution 
for  these  three  unknowns.  The  deviations  from  an  ephemeris  based 
on  the  resulting  elements  showed  satisfactory  agreement  with  the 
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Fig.  3. — Velocity-curve  of  Lalande  29330 


4 .  o   Days 


residuals  given  by  the  conditional  equations.     These  elements  were 
therefore  adopted  as  final.     With  their  probable  errors  they  are: 

P  =  4. 28503 ±0.00016  days       iir  =  38  .1  ±0.3  kni/^sec. 

6  =  0.089^0.024  r  =  J.D.  2,422,418. 0522  ±0'^022I 

co  =  82?49±i3'?4o  7= —60.6  km/sec. 

a  sin  t  =  2,238,160  km 


(w-|-Wi)^ 


=  0.0244  O 


The  corresponding  value  of  ILpi)^  is  one-half  that  from  the 
preliminary  elements. 

Reference  to  the  table  of  observations  shows  that  the  first 
eight  spectrograms  obtained  with  low  dispersion  give  satisfactory 
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residuals,  whose  mean  is  very  little  larger  than  that  of  the  other 
residuals.  This  result  tends  to  give  one  confidence  in  the  observed 
velocities  of  faint  stars  of  late  spectral  class,  which  must  be  obtained 
with  low  dispersion.  In  the  velocity  diagram  (Fig.  3)  barred 
circles  represent  the  eight  velocities  derived  with  low  dispersion. 

It  is  noteworthy  that  we  have  here  a  star  absolutely  faint 
(M=+6.o)  as  the  brighter  member  of  a  spectroscopic  binary 
whose  period  is  short  and  whose  eccentricity  is  small  for  stars  of 
its  spectral  class.  Attention  may  also  be  called  to  the  large 
velocity  of  the  center  of  mass.  The  space  motion  derived  from  the 
radial  velocity,  proper  motion,  and  parallax  is  75.8  km/sec.  with 
its  apex  at  A  =  ii6°'j,  D=  —6°S.  The  rectangular  components, 
X,  y,  z,  where  x  and  y  are  parallel  to  the  galactic  plane,  are 
re  =—72.2,  3'=— 16.7,  s.=  +i2.8  km/sec;  further  L=ig7,°  and 
B  =  io°,  where  L  and  B  are  the  galactic  longitude  and  latitude 
of  the  apex.  These  may  be  compared  with  the  mean  values  found 
by  Adams  and  Joy^  for  29  stars  with  large  radial  velocities: 
x=-59-5>y=-44-5,z=-4-4,^=74'4^^/^ec.,L  =  2if,B=-f. 

The  agreement  with  the  stars  used  by  Adams  and  Joy  is  seen 
to  even  better  advantage  when  x,  y,  z  are  plotted  upon  their 
velocity  diagram. 

COMPANION  TO  a  HERCULIS 

This  star,  hereafter  referred  to  as  B,  was  found  from  measures 
of  the  first  two  plates  to  have  a  variable  radial  velocity.  It  is  the 
companion  to  a  Herculis,  hereafter  designated  A,  whose  spectral 
class  is  Mb  and  whose  magnitude  varies  between  3.1  and  3.9, 
with  a  period  that  is  uncertain  if  not  irregular.  In  the  visual 
pair  no  certain  evidence  of  orbital  motion  has  been  found.  Boss 
gives  a  proper  motion  for  A  of  o''o30  and  for  B  of  o''o32.  The 
magnitude  of  .B  is  5.4  and  its  spectral  class  F9,  forming,  with  A, 
a  striking  visual  pair,  apparently  red  and  blue.  Their  separation, 
5",  makes  it  easily  possible  to  obtain  a  pure  spectrum  of  the  fainter 
star  with  either  the  60-inch  or  100-inch  telescope,  pro^•ided  the 
seeing  is  good. 

Table  V  contains  the  data  for  the  twenty-eight  spectrograms 
available  for  the  orbit.     A  period  of  51 .6  days  gave  a  satisfactory 

^Mt.  Wilson  Conlr.,  No.  163,  1919;  Astrophysical  Journal,  49,  179,  1919. 
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assemblage  of  the  velocities  about  a  single  epoch  and  furnished  a 
velocity-curve  from  which  the  following  preliminary  elements  were 

derived : 

P=  51. 6  days  iiC  =  3i.8  km/sec. 

e=  0.08  r= J. D.  2,422,467. 13 

co:=i5°5  7= -37.  2  km/sec. 

TABLE  V 
Observations  of  the  Companion  to  a  Herculis 


Plate  No. 


Date 


G.M.T. 


Phase 


Velocity 


O-C 


C    60* 

66t 

114. 

350- 
408. 
416. 

422. 

450- 
442* 
470J 
477t 
508-. 

5IQ- 
5^7- 
539* 
79404* 
C573 
79431'' 
C622. 
C627. 
79514* 
79531- 
C647|i 
C664. 
79573- 
79581- 
79591- 
796i6§ 


1919  Sept.  10 

19 
Oct.    12 

1920  Apr.     4 
IMay     6 

8 


28 
June     5 


July 


Aug. 


Sept. 


Oct. 


7 
3 
5 
7 
23 
30 

4 
30 
31 

I 

3 
5 
25 
26 
27 
28 
3 


15    58 

15  03 

O  48 

22  28 
21    04 

23  20 

23  35 

23  39 

23  48 

21  10 

^5  55 
19  24 

16  27 

15  55 

16  13 
15  27 


/    D>- 


15  07 

15  08 

14  58 

16  15 

15  04 
15  17 
15  07 
14  42 

14  58 
14  51 


2'?OIO 
11.034 

33  996 
2.042 

34-947 
36.887 
38.980 

2.400 

5-405 
13-411 
15-301 
41 .083 
43.227 
45  - 104 

9-493 
16.505 
19-473 
21.572 
47.460 
48 . 460 
49  452 
51-506 

1.867 
21.876 
22.870 
23-852 
24-863 
29.858 


km/sec. 

—  9.2 

-43-4 
-36.2 
-18.6 

-33-3 

—  29.0 

—  25.0 
-18.5 
-28.3 


-16.8 
-45-6 
-64.9 

-64.3 
-68.0 

-  6.9 

-  0.8 
-II. 4 

-  30 
-13-7 
-65-3 
-67.4 
-64.  2 

-65.5 
■.^8.0 


km/sec. 
+  5-4 
+  2.2 

+4-1 
-3-9 
+3-7 
+  1.1 
-1.9 
-2.9 
-3-2 
4-5.0 
+  2.5 
-0.9 

+  1-5 
-8.3 
"~5-5 
-4.0 
+0.9 
—  2.0 
— o.  I 
+6.0 
-4.0 
+  7.5 
+0.5 
+0.7 

-1-7 
+0.8 
-1.6 
-4-5 


*  Overexposed. 
t  Focus  poor. 
+  Seed  23. 


§  Strongly  exposed. 

II  Somewhat  underexposed. 


Since  the  interval  between  the  first  and  the  last  observation 
covers  but  seven  revolutions  of  the  binary  in  its  orbit,  it  seemed 
best  to  derive  a  correction  for  the  period  from  the  least-squares 
solution,  together  with  corrections  to  the  other  five  elements.  As 
the  table  shows,  B,  which  is  really  a  very  bright  star  for  the  one- 
prism  spectrograph  and  100-inch  telescope,  has  given  in  several 
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cases  overexposed  plates.  It  is  assumed  that  the  necessity  of 
measuring  upon  such  plates  farther  to  the  violet  than  usual  has 
given  the  advantage  of  greater  dispersion,  which  compensates  for 
some  falling  off  in  focus.  Hence  all  values  of  the  radial  velocity 
were  given  weight  unity,  and  corrections  derived  from  the  set  of 
six  normal  equations  based  upon  the  twenty-eight  conditional 
equations.  The  resulting  corrections  proved  to  be  moderate  in 
size  and  effected  a  reduction  of  25  per  cent  in  the  value  of  Zpv^. 
km/sec. 
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Fig.  4. — Velocity-curve  of  companion  to  a  Herculis 


60    Days 


Hence  they  have  been  adopted  as  final  and  with  their  probable 
errors  are  to  be  found  below: 


P=Si. Sgo^  0.002  days 
e=  0.028='=  0.026 
co=27?89  =±^i9?3 
X=29.64  =1=0.771011/560. 
r=J.D.  2,422,468. 581  =t3<io30 


7=  —37.  2  km/sec. 


ml  sin3  i 


=  0.1395  o 


a  sin  i=  2,102,700  km 


The  probable  error  derived  for  a  determination  of  velocity  of 
weight  unity  is  =^2.85  km/sec. 

Attention  is  called  to  the  fact'  that  the  radial  velocity  of  A 
is  —32.2  km/sec,  whereas  that  for  the  center. of  mass  of  B  as 
here  determined  is  —37.2  km/sec,  showing  a  difference  whose 
reahty,  in  part  at  least,  can  hardly  be  doubted.  Taking  the 
distance  between  A  and  B  as  5",  the  projected  linear  separation 
obtained  by  using  the  spectroscopic  parallax  o!oi8  derived  for  B 
turns  out  to  be  greater  than  two  hundred  and  fifty  astronomical 

^  Lick  Observatory  Bulletin,  No.  229,  1913. 
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units.  The  true  separation  cannot  be  less  than  this  amount. 
This,  with  the  considerable  difference  in  the  radial  velocities,  is 
evidence  of  a  very  loose  or  practically  negligible  gravitational 
connection  between  the  two  stars  unless  the  masses  are  very  large. 
It  is  not  improbable  that  we  have  here  an  optical  pair. 

Coblentz'^  radiometric  measures  of  B  led  Burns^  to  conclude 
that  light  from  A  was  probably  involved  in  the  measurement. 
This  seems  very  probable  in  view  of  experience  with  the  100-inch 
and  60-inch  telescopes  whose  focal  lengths,  in  Cassegrain  form, 
give  a  much  greater  linear  separation  of  A  and  B  in  the  focal 
plane  than  would  be  the  case  with  the  Crossley  reflector  used  in 
Newtonian  form.  It  may  be  pointed  out,  however,  that  the  only 
indication  of  spectral  class  available  to  Coblentz,  viz.,  the  designa- 
tion as  a  "blue''  star,  is  not  borne  out  by  the  spectrum,  which 
is  F9,  hence  the  star  is  approximately  "yellow."  Although  it  is 
certain  that  the  secondary  member  of  the  spectroscopic  binary  is 
photographically  at  least  one  magnitude  fainter  than  the  primary, 
for  the  spectrum  is  not  recorded,  its  spectral  class  may  be  such 
as  to  help  account  for  the  discrepancy  in  Coblentz'  measures. 

205   DRACONIS 

This  binary  is  evidently  the  brighter  component  of  the  visual 
double  /?  971.  The  fainter  component  is  of  magnitude  8.5.  Burn- 
ham  says  "it,  jS  971,  is  certainly  a  binary  and  in  rapid  motion 

The  measures  indicate  that  the  plane  of  the  orbit  is  nearly  in  the 
line  of  sight.  The  period  will  probably  be  short."  The  last 
observation  reported  by  him  in  which  the  two  stars  were  resolved 
is  by  Aitken: 

1905.29     p.a.  26?6     dist.  0*37. 

Thirty  spectrograms  were  obtained  between  August  22,  19 18, 
and  November  14,  1919.  The  data  are  in  Table  VI.  Both  spectra 
show  lines  when  the  difference  in  velocity  is  sufficient,  but  the  lines 
are  so  poor  that  considerable  uncertainty  attaches  to  the  measured 
velocities,  a  difficulty  increased  at  times  by  the  blending  of  lines 
of  the  two  spectra.     Observations  upon  successive  nights  considered 

'  Lick  Observatory  Bulletin,  No.  266,  1914. 

^  Publications  of  the  Astronomical  Society  of  the  Pacific,  27,  no,  1915. 
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in  connection  with  the  results  for  pairs  of  plates  upon  the  same 

night  led  to  a  trial  of  periods  around  four  days.     P  =  3. 76468  days 

was  found  to  represent  the  observations  best  and  was  adopted  as 

final.     When  all  the  observations  had  been  gathered  about  a  single 

epoch  with  this  period,  the  two  resulting  velocity-curves  led  to  the 

following  preliminary  elements: 

P  =  3  . 76468  days  K  =  g6.s  km/sec. 

e=o.io  711=102.511111/560. 

co  =  i66°  r=J.D.  2,422,161 .597 

aji  =  346°  7=  — 14.0  km/sec. 


TABLE  VI 
Observations  of  205  Draconis 


Velocity 

0- 

-c 

Plate  No. 

Date 

G.M.T. 

Phase 

Primary 

Secondary 

Primary 

Secondary 

km /sec. 

km/ 

sec. 

77239- ■■ 

1918  Aug. 

22 

I8h37m 

o'?299 

+   83.9   I-112.4 

+  16.9 

-   7-3 

7376... 

Sept. 

20 

18  41 

2.948 

-23-3 

(-24-7) 

(+15-8) 

7385- ■■ 

21 

17  SO 

0.149 

+  87.0    — 116.0 

+  11. 1 

-   1-9 

7395- •■ 

22 

17  50 

1. 149 

-15-I 

(+36-9) 

(-29-7) 

7404 . . . 

23 

17  01 

2. 115 

-109.2   1+   77.1 

0.0 

+  4-9 

7523- ■ ■ 

Oct. 

26 

IS  OS 

I   154 

-25-8 

(+27-0) 

(-41.2) 

8328*.. 

19 19  July 

3 

20  22 

2.904 

+  28.7 

-53-7 

(+34-4) 

(-21.7) 

8354... 

9 

23  17 

1-495 

-  83.6 

+  s6-4 

+  13-2 

-  3-3 

8374- ■■ 

13 

18  22 

1-525 

—  109. 1 

+  79-4 

-  9-5 

+  16.9 

8411.. . 

17 

16  57 

1.702 

— III.O 

+   72-8 

+  I.I 

-   2.3 

8416... 

17 

23  39 

1. 981 

—  122.9 

+  88.7 

-   7-7 

+10.5 

84171.- 

18 

16  50 

2.697 

-  68.1 

+  23.4 

(-28.8) 

(+21.6) 

843s--- 

19 

16  45 

3-694 

+  60.6 

-III. 3 

—  17.6 

+  S-i 

8438-.- 

19 

21  36 

0.131 

+  83.9 

-117-9 

+  7-3 

-  31 

8441  - ■ • 

Aug. 

2 

16  27 

2.622 

-27.2 

(+23.8) 

(-40.8) 

8444  -  - • 

2 

21   22 

2.827 

-21.7 

(-  3-5) 

(-   2.3) 

8447 • • ■ 

3 

16  14 

3-615 

+  77.4    -no. 4 

+   1-5 

+  3-6 

8458$. - 

4 

16  19 

0.852 

+  15.7  -  56.0 

(+20.0) 

(-22.6) 

8462. . . 

4 

21  55 

1.085 

—  14.0 

(+28.0) 

(-  9-4) 

8467... 

5 

15  55 

1-835 

-103-5 

+  77-1 

+  12.7 

—   2.1 

8471--- 

5 

21  40 

2.075 

-II7-9 

+  76.0 

-  6.4 

+  i-S 

8703... 

Sept. 

12 

IS  35 

2.172 

-  93-3 

+  42-7 

+  12.0 

-25-5 

876s§-- 

Oct. 

II 

15  13 

1 .042 

-   51-5 

+  16.7 

(-16.3) 

(+19-0) 

8776... 

12 

15  23 

2.049 

-III. 3 

+  66.5 

+  1-4 

-  9.2 

C  118... 

13 

15  28 

3-052 

+   29.8 

-   55-7 

+  12.2 

-  0.3 

78786... 

14 

15  18 

0.281 

+  63.7 

-T--^3-3 

-  4-7 

-  6.8 

C  is6|i.. 

Nov. 

I 

IS  SS 

3-248 

+  35-3 

-  83. 5 

-  9-5 

-  0.7 

171... 

4 

IS  44 

2.476 

—   91 .0 

+  44-2 

-18.7 

+  9-1 

2I0||.  . 

13 

15  10 

0.158 

+  76.5 

-118. 0 

+   i-o 

-  4-3 

2I51I-- 

14 

14  35 

I -134 

-   50-9 

+   15-2 

(-    1-2) 

(+   2.9) 

*  First  measured  as  single  spectrum;  vel.  — lo.i  km/sec. 

t  First  measured  as  single  spectrum;  vel.  —ii.  9  km/sec. 

t  First  measured  as  single  spectrum;  vel.  —22.0  km/sec. 

§  First  measured  as  single  spectrum;  vel.  —15.6  km/sec;   Seed  23. 

H  First  measured  as  single  spectrum;  vel.  —18.6  km/sec;  Seed  23. 


Seed  23. 
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In  deriving  the  corrections  to  the  elements  by  the  method  of 
least  squares  only  those  spectrograms  were  used,  nineteen  in  all, 
upon  which  both  spectra  had  been  measured.  These  were  given 
equal  weight  and  combined  into  twelve  normal  places  which  resulted 
in  twenty-four  conditional  equations  of  the  form  given  by  Harper. 

The  correction  found  for  e  reduced  it  to  zero,  thus  giving  a 
circular  orbit  in  which  of  course  co  and  T  are  arbitrary.  The  time 
of  maximum  positive  velocity  for  the  primary  was  adopted  for  T. 
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Fig.  5. — Velocitj'-curves  of  205  Draconis 


+  2.5  Days 


Since  some  of  the  corrections  were  rather  large,  a  second 
least-squares  solution,  based  upon  the  circular  elements,  was  made. 
The  quantity,  S^2j%  for  the  final  elements  is  about  25  per  cent  of 
the  value  it  had  for  the  preliminary  elements.  The  preliminary 
elements  of  this  binary  are  somewhat  less  accurate  than  was  the 
case  for  the  others.  Corrected  as  indicated  by  the  two  solutions 
they  gave  the  following  elements  and  probable  errors: 

P  =  2,  .76468  days  a  sin  ?  =  5,058,000  km 

if  =  9 7. 7 ±2.0 km/sec.  Ci  sin  z  =  5,089,000  km 

ir,  =  98. 3 ±2.0  km/sec.  m^xn^  i—\  .a,^  Q 

r  =  J.D.  2,422, 159. 7691  ±o'?oi78  Wisin3i=i.47  O 

7=— 18.8  km/sec. 
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The  probable  error  of  a  velocity  of  unit  weight  derived  from  the 
nineteen  spectrograms  whose  spectra  are  separated  is  ='=4.5  km/sec. 
In  the  table  of  observations  the  residuals  for  those  plates 
which  did  not  contribute  to  the  normal  places  have  been  placed  in 
parentheses.  It  will  be  seen  from  the  velocities  or  from  the  remarks 
that  in  all  cases  they  were  first  measured  as  single  spectra.  Later 
it  was  found  that  by  going  to  the  extreme  violet  end  of  the  spec- 
trum the  increased  dispersion  gave  some  material  for  the  velocities 
of  both  components,  but  in  a  region  that  has  already  departed  from 
good  focus.  These  measures  have  been  given  in  the  velocity 
columns,  but  the  residuals  indicate  their  relative  inferiority. 

The  intensities  of  the  absorption  lines  for  the  two  components 
were  so  Uttle  different  that  they  could  not  be  used  as  a  reliable 
criterion  of  phase.  The  results  for  K  and  K^  and  the  similarity 
of  the  spectra  are  in  accord  with  this  lack  of  difference  in  intensity. 

If  Burnham's  conclusion  that  the  plane  of  the  orbit  of  the 
visual  double  is  nearly  in  the  line  of  sight  is  correct,  and  if  the 
inclination  of  the  spectroscopic  orbit  should  be  nearly  the  same, 
this  binary  would  be  a  favorable  case  to  examine  for  variability 
caused  by  eclipse.  The  large  amplitudes  K  and  A'l  are  likewise 
favorable  to  this  possibility. 

BOSS  5591 

Table  VII  contains  the  data  for  the  nineteen  spectrograms  which 
form  the  material  for  deriving  the  orbit.  Sixteen  of  these  gave 
velocities  for  both  components.  The  phase  could  not  be  determined 
with  certainty  from  differences  in  the  intensities  of  the  spectral 
lines  of  the  two  components,  which  seem  to  be  identical  in  spectral 
class  A9.  As  in  the  case  of  205  Draconis,  plates  on  successive 
nights,  combined  with  pairs  upon  the  same  night  (the  latter  to  be 
sure  that  the  period  was  not  less  than  a  day) ,  resulted  in  a  choice 
of  3.74860  days  as  best  for  grouping  the  observations  about  a 
single  epoch.     Preliminary  elements  were  obtained  as  follows: 

P  =  3  .  74860  days  K  —  gj.S  km/sec. 

6=0.175  7^1  =  98.0  km/sec. 

co  =  89?2  r  =  J.D.  2,422,175.243 
CO,  =  269^2  7=+o. 3  km/sec. 
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In  correcting  the  preliminary  elements  only  the  velocities  from 
plates  showing  both  spectra  were  used,  sixteen  in  all.  The  period 
was  assumed  to  need  no  correction.  Three  pairs  of  plates,  taken 
in  each  case  at  nearly  the  same  time  and  at  favorable  parts  of 
the  orbit,  furnished  three  normal  places.  Otherwise  each  plate 
furnished  a  conditional  equation  for  both  primary  and  secondary 
star.     All  plates  used  were  given  unit  weight. 

Although  corrections  to  the  preliminary  elements  were  twice 
derived  by  the  method  of  least  squares  applied  to  the  twenty-six 

TABLE  VII 
Observations  of  Boss  5591 


Plate  No. 


D.ATE 


G.M.T. 

Phase 

jghjjm 

0-1524 

15    10 

3.128 

16    14 

0.423 

15    16 

2.641 

14  55 

3.627 

15  02 

0.882 

23  14 

3051 

21  55 

1.247 

20  38 

1-445 

19  45 

3.408 

19  57 

2.421 

19  50 

3-417 

0  05 

3  -  594 

20  06 

0.680 

18  40 

1 .620 

0  12 

1.859 

16  22 

3 -041 

16  56 

0.326 

16  46 

1. 316 

Velocity 


Second.  Prim 


0-C 


Second.  Prim 


77408 
7577 
7594 
7626 
7636 
7643 
8365 
8376 

84t3 
8437 
8443 
8451 
8456 
8460 
8469 

8473 
C  119^ 
123=' 
129^ 


1918  Sept.  23 
Nov.  21 


Dec. 


13 
14 


1919  July  II 
13 
17 
19 


AUE 


Oct. 


3 
4 
4 
5 
6 

13 
14 


-  63 
+  94 

-  81 
+  68 
+  31 

-  98 
+  104 

-  74 

-  50 
+  94 

+  87 
59 
76 


km/sec. 


km. 


+ 


+  65.7 


+  81.4 
-77.4 
-33-9 
+97-8 
-86.4 
+  76.0 
+65-6 
-82.0 
+0.  2 

-85-8 
-52-5 
+95-6 


+  105 

-  50 

-  49 


•  4 


-4 
-80. 
+66. 
+60. 


+12.9 

-  5-1 
-15-9 

-  6.4 
-13-8 

-12.3 

+  5.1 

-   8.2 

—  1 .0 
+  11-9 

+  5-7 
+  7-7 
+  9-1 

+  6.2 
+  0.2 
+  11-3 

sec. 
+  c 

+  5 


-13 

-   9 

+  3 


+  9-5 
+  7.8 
-   7.2 


*  Seed  23. 


conditional  equations,  the  corrections  from  the  second  solution  were 
so  small  that  the  elements  adopted  as  final  and  their  probable 
errors  are  based  upon  the  results  of  the  first  solution.     These  are: 


P= 3. 74860  days 
6  =  0.189  ±0.02 1 
aji  =  82?66±9?oo 
co  =  262?66±9'?oo 
if  I  =  93  . 2  ±  2  . 8  km/sec. 
iiC  =  92  . 1  ±  2  . 8  km/sec. 


r  =  J.D.  2,422,175.1577 
7  =  +4. 2  km/sec. 
Oi  sin  z  =  4, 728,000  km 
a  sin  i  =  4, 66 2, 000  km 
nil  sin^  /  =  1 .  1 7  O 
m  sin-J  /=  1 .19  O 


=o''o88o 


2  20 
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Attention  is  called  to  the  fact  that  in  giving  the  final  elements, 
the  order  is  the  same  as  for  the  preliminary  elements,  but  the 
subscripts  have  been  changed,  because  the  corrections  to  the 
elements  have  interchanged  the  two  stars  in  respect  to  the  semi- 
amplitudes,  K  and  K^,  and  hence  to  their  masses. 

Substitution  of  the  unknowns  derived  from  the  first  solution 
in  the  conditional  equations  gives  residuals  in  substantial  agree- 
ment with  those  derived  from  the  final  elements.     Upv^  is  64  per 


km/sec 


+80 


+40 


—  i.o  ~o.5  0,0  +05  .+  1.0  +1-5  Days 

Fig.  6. — Velocity-cunes  of  Boss  5591 


cent  of  its  value  for  the  prehminary  elements.  The  probable  error 
of  a  velocity  of  unit  weight  for  either  component,  on  the  basis  of 
all  residuals  for  plates  with  double  spectra,  is  ="=6.4  km/sec.  This 
is  larger  than  that  for  either  of  the  other  two  spectroscopic  binaries 
showing  double  lines,  and  is  to  be  accounted  for  in  part  by  the 
fact  that  all  plates  were  given  unit  weight.  The  spectral  class  is 
somewhat  earlier  than  that  of  the  others,  which  involves  a  greater 
uncertainty  in  the  measures. 
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LALANDE  46867 

This  spectroscopic  binary  shows  only  the  spectrum  of  a  single 
star  of  class  K2  from  which  the  absolute  magnitude  derived  is 
+  6.0.  The  twenty-live  spectrograms  available  are  listed  in  Table 
VIII.  The  velocity-curve,  which  proved  satisfactory  when  all 
observations  were  assembled  around  a  single  epoch  with  P  =  6 .  7217 
days,  yielded  the  following  preliminary  results: 

P  =  6.  7217  days  ^^  =  +39. 2  km/sec. 

e  =  o.o8  r  =  J. D.  2,422,220.  768 

CO  =  20?  5  7= —  20.  2  km /sec. 

Plate  79492,  for  which  the  preliminary  elements  give  a  residual 
far  larger  than  for  any  other  plate  in  the  table  and  which  was  found 
to  be  in  poor  focus  except  in  the  region  of  the  H  and  K  lines,  was 
omitted  from  the  least-squares  solution  but  retained  in  the  table 
because  the  velocity  derived  from  the  emission  lines  H  and  K, 
to  be  referred  to  later,  agrees  fairly  well  with  the  velocity  com- 
puted from  the  elements.  The  twenty-four  remaining  plates  were 
given  equal  weight  and  the  period  was  assumed  to  be  known  with 
the  requisite  accuracy,  since  the  interval  between  the  first  and 
last  spectrograms  corresponds  to  one  hundred  and  seventy-nine 
revolutions  of  the  binary  in  its  orbit.  When  the  remaining  five 
elements  had  been  corrected  by  the  method  of  least  squares,  the 
new  elements  were  found  to  decrease  the  quantity  'Epv^  by  only 
3  per  cent.  Therefore,  as  so  corrected,  they  are  adopted  as  final 
and  are  given  below  with  their  probable  errors: 

P=6.  7217  days  7= —  19.8  km/sec. 

e  =  o. 059=1=0. 019  Wi  sin^  i 

co  =  i8?6±i6?3  '{^t^T^'^°'°^^'^^ 
K  =  38.  5±o.  76  km/sec.  a  sin  i  =  3, 552,300  km 

r=J.D.  2,422,220.  7403  =to'^3005 

The  probable  error  for  a  single  determination  of  velocity  of 
weight  unity  is  ±2.8  km/sec. 

Plate  79671,  obtained  by  ]\Ir.  Hoge  on  a  partly  cloudy  night,  is 
very  strongly  exposed  and  was  noticed  by  him  to  have  two  emission 
lines  in  the  violet.  These  proved  to  be  H  and  K  of  calcium  super- 
posed upon  their  usual  broad  absorption  lines.  Thereafter  an 
effort  was  made  to  expose  plates  strongly  enough  to  show  this 
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feature  of  the  spectrum.  By  using  earlier  plates  which  upon 
second  examination  showed  this  feature,  velocities  from  these  two 
emission  lines  were  secured  from  twelve  plates  in  all.  They  are 
listed  in  a  separate  column  in  Table  VHI  and  placed  in  parentheses 
whenever  they  are  derived  from  plates  on  which  these  lines  are 
extremely  feeble.     Judging  from  the   better-exposed  plates,    the 

TABLE  VIII 
Observations  of  Lalaxde  46867 


Plate  No. 


76036 

6367 

6499 

7214 

7271 

7410 

8722 

C  555 

79434 

949 -'t 

9504 

C626 

C630 

79518J 

C665 

79578 

9587 

9595 

9671 

9678 

9680 

C738 

C743 

79734 

C  774 


Date 


191 7  July  31 
Nov.  2S 
Dec.  29 

1918  Aug.  17 

27 
Sept.  23 

1919  Sept.  14 

1920  July  27 
Aug.  4 

28 
29 
31 
31 
I 

25 
26 
27 
28 
26 
27 
28 
31 


Sept. 


Oct. 


Nov. 


23 


G.M.T. 


23^28° 
16  38 

15  01 

23  39 
22  47 

21  10 

22  40 

20  36 

22  33 

21  18 

23  25 
o 

23 
21 

16  27 

20  21 

21  00 

19  43 

19  01 

20  T5 

16  45 
19  31 

17  32 
16  25 
19  19 


13 
10 

26 


Phase 


o'.'9i6 
1 .401 


548 
067 
114 
927 
921 


2.340 

3  440 

4  463 

5  418 
6.357 
3-252 
4. 4^5 
5.442 
6.389 
0.750 
1.802 
2.656 
5  772 
6.689 
6.47S 
1.876 


Velocity 
Abs.  Lines 


km/sec. 

—  II  .  I 

-25 
-46 
+  28 
-55 
-53 
-60 

-49 

-  4 
-36 
-48 
-33 
+  5 
+  15 
-58 
-27 
+  8 
+  20 
+  4 
-39 
-55 
+  9 
+  18 
+  18 
-35 


Velocity 
Hand  k 


km/sec. 


-46.4 
(-62.4) 


+  13.3 


(+  6.0) 
(+25.9) 
+  2.1 
—  29.6 
-57.7 
+  9.3 
+  7.7 
+  20.2 
(-34.6) 


0-C 

Abs.  Lines 


km/sec. 
-    3-3 


2.9 
4-4 


+ 


-  2.6 
+  14.0 
+  4.6 
4.0 
2.9 


0  •:> 
30 
3-1 
4  9 
0-3 
4  5 
1-5 
o.  2 


-  3- 


+  4.2 


*  Underexposed. 

t  Best  focus  around  H  and  K.     Plate  not  used  in  least-squares  solution. 


t  Focus  poor. 


H  and  K  emission  lines  yield  the  same  velocities  as  the  lines  of  the 
absorption  spectrum.  No  satisfactory  measures  of  the  H  and  K 
absorption  lines  could  be  made. 

In  general  the  absorption  lines  of  Lalande  46867  seem  to  be  less 
sharp  than  for  the  general  run  of  stars  of  spectral  class  K2. 

The  spectroscopic  binary  cr  Geminorum,  spectral  class  G9, 
abs.  mag.  +1.1/  has  been  noted  both  by  H.  M.Reese,^  who  announced 

'  Mt.  Wilson  Contr.,  No.  142;  Astro  physical  Journal.  46,  313,  1917. 
'  Lick  Observatory  Bulletin,  No.  31,  2,  29,  1903. 
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its  variable  velocity,  and  by  Harper/  who  published  its  orbit,  to 
have  abnormally  fuzzy  lines.  Schwarzschild'  reports  having  ob- 
served H  and  K  emission  lines  in  objective-prism  spectrograms 
of  a  Geminorum.  A  plate  of  this  star  obtained  by  Mr.  Duncan 
for  the  writer  showed  emission  lines  H  and  K  but,  relatively  to  the 
adjacent  continuous  spectrum,  these  were  weaker  than  in  Lalande 
46867.  The  velocity  derived  from  the  emission  lines  was  in  close 
agreement  with  that  for  the  absorption  lines  and  agreed  as  well  as 

km/sec. 
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Fig.  7. — Velocity-cun-e  of  Lalaxide  46867 

could  be  expected  with  the  velocity  computed  from  Harper's  ele- 
ments. Hence  these  stars  present  several  points  of  similarity: 
(a)  spectral  class;  (b)  character  of  absorption;  (c)  presence  of 
emission  lines  for  H  and  K;  and  (d)  the  fact  that  both  are  spectro- 
scopic binaries  with  eccentricities  smaller  and  periods  shorter  than 
the  average  for  binaries  of  this  spectral  class.  There  is  a  notable 
difference  in  the  absolute  magnitude  (a  Geminorum,  -fi.i, 
Lalande  46867,  +6.0),  associated  with  emission  lines  which  are 
stronger  relatively  to  the  continuous  spectrum  in  the  case  of  the 
absolutely  fainter  star. 

MouxT  Wilson  Observatory 
October  1920 

'  Publications  of  the  Royal  Astronomical  Society  of  Canada,  5,  200,  1911. 
^  Astropkysical  Journal,  38,  292,  1913. 


PRESSURE-SHIFTS  IN  A  CALCIUM  ARC 

By  L.  F.  miller 
ABSTRACT 

Pressure-shifts  in  calcium-arc  spectrum,  X  ji^o  to  X  6jOO. — -A  4-mm,  4-amp.  arc 
between  Ca  electrodes,  one  water-cooled,  the  other  pointed,  was  operated  in  a  chamber 
in  which  the  pressure  was  varied  from  5  to  76  cm  of  Hg.  By  using  the  second  order 
of  a  21 .5-ft.  grating,  shifts  of  o.ooi  A  could  be  detected.  Table  II  gives  the  mean 
results  for  75  lines.  The  H  and  K  lines,  the  P  and  T  series  lines,  and  a  few  other 
lines  show  a  shift  of  o.ooi  A  or  less.  ^\11  lines  which  broaden  toward  the  \'iolet  show 
a  shift  toward  the  violet;  all  others  tend  to  shift  toward  the  red.  The  shift  is  the 
same  for  all  lines  of  each  term  of  a  series,  and  increases  with  the  term  number,  except 
that  there  is  an  indication  that  for  the  lower  term  of  the  Ti  series  the  shift  is  positive 
instead  of  negative  as  in  the  case  of  terms  4  to  6.  Mechanical  shifts  were  eliminated 
by  comparison  with  iron  lines  of  class  a  and  b. 

The  present  paper  gives  results  on  the  measurement  of  pressure- 
shifts  for  all  the  principal  lines  in  the  photographic  region  of  the 
calcium  spectrum. 

Apparatus. — It  will  not  be  necessary  to  write  a  detailed  descrip- 
tion of  the  apparatus,  as  conditions  were  kept,  as  far  as  possible, 
similar  to  those  described  by  Gale  and  Whitney^  in  their  study  of 
the  pole-effect. 

Light  source. — The  arc  was  formed  between  two  calcium  elec- 
trodes 9  mm  in  diameter,  arranged  in  a  horizontal  position  within 
a  closed  steel  chamber  where  the  pressure  could  be  varied  by 
means  of  an  ordinary  oil  pump.  The  pressure  was  changed  from 
about  5  cm  mercury  as  the  lower  pressure  to  atmospheric  pressure 
as  the  higher  pressure.  If  a  greater  value  had  been  used,  many  of 
the  most  important  lines,  especially  those  of  the  first  and  second 
subordinate  "triplet"  series,  would  have  become  too  broadened 
and  diffuse  for  measurement.  It  was  endeavored  to  maintain  a 
constant  length  of  arc  of  4  mm.  The  positive  pole  was  water- 
cooled  and  flat-faced,  while  the  negative  pole  was  rather  sharply 
pointed.     By  this  arrangement  it  was  found  possible  to  maintain  a 

'  Aslrophysical  Journal,  44,  65,  1916. 
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fairly  constant  arc.  Interruption  would  occur  principally  when, 
after  operating  for  a  time,  the  electrode  surface  became  coated 
with  a  crusted  formation  of  non-conducting  oxide.  This  length 
of  time  depended  more  or  less  on  the  amount  of  air  present  and  the 
success  with  which  the  action  of  the  arc  could  be  uniformly  distrib- 
uted over  the  surface  of  the  electrode  by  the  hand  regulation  of 
the  arc.  On  some  of  the  longer  exposures  it  was  necessary  to  open 
up  the  chamber  one  or  more  times  during  the  course  of  the  exposure 
to  file  off  and  clean  the  electrodes.  The  latter  were  sawed  and 
machined  out  of  very  irregular  chunks.  The  metal  did  not  always 
seem  to  be  of  uniform  consistency,  and  apparently  this  caused  at 
times  much  fluctuation  of  the  arc  and  rapid  deterioration  of  the 
surface. 

Source  of  current. — A  i  lo-volt  direct  current  was  used  to  operate 
the  arc.  A  suitable  resistance  was  placed  in  the  circuit  to  maintain 
a  current  of  about  4  amperes. 

Condensing  system. — The  quartz  window  in  the  pressure  cham- 
ber and  the  quartz  condensing  lens  made  it  possible  to  obtain  all 
the  desired  lines  between  X  6499.8  and  X  3158.9.  By  means  of 
convenient  regulations  on  the  pressure  chamber  and  condensing 
lens,  the  middle  point  of  the  arc  image,  enlarged  four  times,  could 
be  readily  maintained  on  the  slit. 

Dispersing  system. — The  second-order  spectrum  of  a  21.5-foot 
Rowland  concave  grating  was  employed.  The  scale  was  1.32  A 
per  mm. 

Photographs. — The  size  of  photographic  plate  used  was  2X19 
inches,  a  length  great  enough  to  cover  about  600  A. 

A  large  part  of  the  work  presented  in  this  report  was  performed 
about  three  years  ago,  when  it  was  almost  impossible  to  get  suitable 
materials.  The  war  cut  off  completely  the  supply  of  extra-thin 
glass  which  had  previously  been  used  for  these  plates  and  which 
fitted  so  well  the  curvature  of  the  plate-holder.  The  thinnest 
glass  obtainable  at  this  time  was  between  1/16  inch  and  1/8  inch. 
Some  of  the  plates  could  only  be  made  to  bend  along  the  arc  without 
breaking  by  slightly  warming  them  and  allowing  each  plate  to 
rest  on  end  supports  with  a  suitable  weight  on  the  middle  for  a 
number  of  hours.     This  seemed  to  loosen  up  the  glass  structure 
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sufficiently  to  permit  safely  the  necessary  bending  in  the  plate- 
holder.  Films  were  used  at  the  red  end  of  the  spectrum,  but  since 
the  plate-holder  was  not  made  for  films  it  was  difficult  to  make 
them  lie  smoothly.  If  heavier  celluloid  could  have  been  obtained, 
the  films  would  have  been  very  satisfactory.  The  occulting 
device  described  and  used  by  Whitney^  was  employed  in  this  work. 
Being  mounted  from  the  floor,  it  avoided  any  danger  of  mechanical 
shifts  due  to  changing  of  the  shutter.  The  latter  was  arranged 
so  as  to  expose  a  middle  strip  upon  the  plate  when  in  one  position 
and  a  strip  above  and  below  when  in  the  other  position.  The 
middle  was  generally  exposed  at  the  high  pressure  and  the  strip 
above  and  below  at  the  low  pressure. 

Method  of  measurement. — The  measurements  of  the  shifts  were 
obtained  with  a  small  comparator  made  by  Wm.  Gaertner  &  Co. 
A  small  candle-power  incandescent  lamp  was  arranged  with  a 
condensing  lens  to  illuminate  the  field.  This  permitted  a  large 
increase  of  illumination  of  the  field  when  necessary,  with  very 
little  increase  of  the  intensity  of  light  about  the  room.  A  rheostat 
in  circuit  also  pennitted  the  adjustment  of  the  intensity  of  illumi- 
nation to  any  desirable  degree. 

It  is  well  known  by  those  working  in  this  field  that,  because  of 
the  varying  character  of  lines  as  well  as  incomplete  and  irregular 
photographic  action,  it  is  often  necessary  to  study  lines  to  a  certain 
extent  in  order  to  determine  their  character,  and  that,  on  the  other 
hand,  looking  at  a  line  too  long  will  fatigue  the  eye.  Interposing  a 
piece  of  green  glass  to  give  a  green-colored  field,  especialh-  with 
the  more  intense  illuminations,  was  found  of  the  greatest  aid  in 
reducing  this  fatigue. 

Procedure. — In  order  to  obtain  a  measure  of  any  mechanical 
shift  which  might  occur  during  any  exposure,  iron  filings  were 
imbedded  in,  or  placed  on  the  top  edge  of,  the  electrodes,  and 
from  the  pressure-shifts  of  certain  iron  lines  previously  determined 
by  Gale  and  Adams^  the  correction  constant  was  determined. 
All  mechanical  shifts  were  measured  by  those  iron  lines  which  are 
classified  by  Gale  and  Adams-'  as  class  a  lines.     In  a  few  instances 

'  Astrophysical  Journal,  44,  65,  1916. 
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some  class  b  lines  were  used  as  a  double  check  on  the  mechanical 
shift,  and  in  one  instance  a  class  c  line.  The  measurements  with 
these  latter  lines  corroborated  those  of  the  a  lines.  Exposures  of 
the  whole  photographic  region  were  obtained  by  moving  the 
camera  to  seven  successive  positions  from  the  red  to  the  violet, 
as  will  be  observed  in  Table  I.  This  allowed  considerable  over- 
lapping of  some  regions,  so  that  the  correction  constant  from  the 
iron  lines  could  be  applied  to  two  adjacent  regions,  and  afforded  a 
double  check  on  the  mechanical  shift. 

TABLE  I 

Region  A 6500  to  5900 

Region  P 6150  to  5550 

Region  B 5857  to  5261 

Region  I 5270  to  4675 

Region  C 4725  to  4125 

Region  D 4175  to  3575 

Region  E 3725  to  3125 

Exposures  in  regions  A  and  P  were  made  on  Wratten  and 
Wainwright  "Panchromatic"'  films;  in  regions  B,  I,  and  C  on 
Cramer  "Inst.  Iso'';  and  in  regions  D  and  E  partly  on  Cramer 
"Crown"  plates  and  partly  on  Seed  27  dry  plates.  Owing 
to  the  difficulty  of  obtaining  sufficient  quantities  of  plates,  three  or 
four  exposures  were  usually  made  on  one  plate.  Incomplete  and 
irregular  photographic  action  on  many  plates,  even  on  the  more 
intense  exposures,  seemed  to  indicate  a  poor  grade  of  films.  Diffi- 
culties were  also  experienced  with  faulty  developers. 

Results. — Table  II  gives  the  results  obtained.  All  lines  are 
grouped  under  two  general  divisions,  the  series  and  the  non-series 
groups.  The  first  column  indicates  the  wave-lengths  of  the  lines, 
and  series  designation,  if  any.  The  second  column  gives  the 
shifts;  the  third,  the  number  of  plates  measured;  while  the  fourth 
column  contains  the  average  difference  from  the  mean.  The 
fifth  shows  the  character  of  the  broadening  of  the  lines,  as  far  as  one 
could  judge  with  a  change  of  pressure  of  only  one  atmosphere. 
Unless  there  was  a  fairly  definite  indication  of  how  the  line  broadens, 
it  was  marked  "s,"  symmetrical.     Only  a  few  of  the  lines  seemed 
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,,.,.* '^''p  ^^^e-'engths  and  series  designations  are  from   Kayser's  Handbuch,  for   ease  of  comparison   with 
Whitney  s  tables  for  pole-effect  for  these  same  lines.     See  Gale  and  Miller,  Physical  Review,  17,  428,  1921. 
1X4240.5  was  masked  by  X  4226. 9. 
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to  retain  their  sharpness  more  than  the  others  and  these  are  marked 
''sh. "  Unsymmetrical  broadening  to  the  red  or  to  the  violet  is 
designated  respectively  by  "ur'' and  "uv."  Only  three  lines  are 
reversed  with  increase  of  pressure,  and  they  remained  symmetrical. 
These  are  marked  "Rs. " 

The  results  were  arranged  at  first  according  to  the  order  of  the 
wave-lengths  of  the  lines  measured.  Although  there  seems  to  be  in 
general  an  increase  in  the  magnitude  of  the  pressure-shifts  as  one 
proceeds  toward  the  shorter  wave-lengths,  there  are  so  many 
exceptions  that  we  cannot  as  yet  see  any  definite  law.  The  same 
thing  is  true  in  regard  to  the  broadening  of  the  lines. 

It  is  only  when  the  results  are  arranged  according  to  the  series 
grouping  of  the  lines  that  the  observations  take  on  a  more  definite 
character.  Royds,^  in  his  discussion  on  the  different  character  of 
spectrum  lines  belonging  to  the  same  series,  raised  the  question 
whether  calcium  would  act  like  iron  in  that  the  unsymmetrical 
widening  and  pressure-shift  both  take  place  in  the  same  direction. 
It  will  be  observed  from  Table  II  that  the  first  subordinate  "  triplet " 
series  in  calcium  is  unsymmetrically  broadened  toward  the  violet 
and  the  pressure-shift  is  toward  the  violet.  In  the  second  sub- 
ordinate ''triplet"  series  and  also  in  the  Fowler  series  t^  and  tg 
the  unsymmetrical  broadening  is  toward  the  red  and  the  pressure- 
shift  is  toward  the  red. 

Royds  also  raised  the  question,  as  suggested  by  Moore,^ 
whether  the  Fowler  series  would  have  practically  zero  shift  because 
the  Zeeman  effect  was  approximately  zero,  or  whether  there 
would  be  a  large  shift  because  the  lines  of  this  series  are  susceptible 
to  density  effects.     The  latter  seems  to  be  the  case. 

Royds^  also  points  out  in  his  paper  that  lines  in  the  same  series 
may  have  entirely  opposite  characteristics  in  one  part  compared 
with  the  lines  in  another  part.  Thus  in  the  first  subordinate 
"triplet"  series  of  barium,  lines  5819,  5800,  5777,  5536,  5519, 
and  5424  broaden  and  shift  to  the  red,  while  lines  4493,  4489, 
4393,  4323,  and  4264  broaden  and  shift  to  the  \'iolet.  The  same 
change  of  characteristics  appears  possible  in  the  first  and  second 

'  Aslrophysical  Journal,  41,  154,  1915. 

'Ibid.,  S3,  385,  igii.  ^  Ibid.,  41,  154,  1915. 


230  L.  F.  MILLER 

subordinate  ''triplet''  series  of  calcium.  As  one  proceeds  from 
the  shorter  wave-lengths  to  the  longer,  the  broadening  and  shifts 
decrease,  and  if  these  quantities  could  be  measured  for  the  lower 
members  in  the  infra-red,  it  appears  that  they  would  be  in  the 
opposite  direction.  There  are  strong  indications  that  this  is  true 
at  least  in  the  first  subordinate  series. 

There  are  only  a  few  Hnes  which  seem  to  tend  to  retain  their 
sharpness  more  than  the  others  as  the  pressure  increases;  they 
are  the  lines  from  X  5270.4  to  X  5261.9  and  the  lines  X 3737.1  and 
X 3706. 1  (P2  series). 

Only  three  lines  showed  reversals  in  this  work,  the  H  and  K 
lines  and  X 4226. 9.  There  are  many  lines  marked  ''s''  which 
would  undoubtedly  show  uns}'mmetrical  broadening  with  greater 
increase  of  pressure,  but  it  was  not  perceptible  within  the  limits 
here  used. 

I  wish  to  express  my  appreciation  to  the  members  of  the  Depart- 
ment of  Physics  of  the  University  of  Chicago  for  their  aid  and 
interest,  especially  Dr.  Gale,  who  suggested  this  problem.  I  am 
also  very  grateful  to  the  Department  of  Physics  of  the  University 
of  Nebraska  for  the  loan  of  their  comparator,  with  which  most  of 
the  measurements  were  made. 
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SIR  NORMAN  LOCKYER,  1836-1920 

By  a.  L.  CORTIE,  SJ. 

Among  the  names  of  those  who  laid  the  foundations  of  that 
branch  of  astronomical  science,  which  deahng  mainly  with  the 
constitution  of  the  heavenly  bodies  is  known  as  astrophysics,  a 
prominent  place  will  always  be  held  by  that  of  Norman  Lockyer. 
He  was  one  of  the  pioneers  in  the  appUcation  of  the  spectroscope 
to  the  study  of  the  solar  surface  and  envelopes,  and  in  the  detailed 
examination  of  the  spectra  of  the  stars.  He  made  fundarnental 
discoveries,  especially  in  solar  physics,  and  he  developed  modes 
and  methods  of  research  which  have  subsisted  even  to  the  present 
day.  The  enunciation  by  Kirchhoff  in  1859,  of  the  principle  under- 
lying the  reversal  of  the  Fraunhofer  rays  in  the  solar  spectrum, 
was  an  opportunity  and  an  incentive  to  discovery  offered  to  all 
astronomers.  Lockyer  was  one  of  the  very  few  to  appreciate  what 
a  vast  field  lay  open  in  the  domain  of  the  physics  of  the  heavenly 
bodies,  and  with  enthusiasm  and  energy-,  with  native  skill  and 
great  courage,  he  entered  into  his  labors.  We  must  not  forget 
that  before  he  was  subsidized  by  the  government,  and  established  as 
an  official  astronomer,  Lockyer  was  an  amateur,  and  as  such  a 
worthy  representative  of  the  long  line  of  amateur  astronomers  who, 
especially  in  England,  have  done  yeoman  ser\-ice  in  the  advance  of 
the  science.  He  took  to  astronomy  because  he  loved  it,  and  because 
of  the  appeal  it  made  to  his  intellectual  faculties.  It  was  in  his 
leisure  hours,  when  freed  from  the  daily  toil  which  was  his  lot  as  a 
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secretary  in  the  war  office,  that  Lockyer  helped  to  lay  the  solid 
foundations  of  the  science  of  astrophysics. 

He  was  born  at  Rugby  May  17,  1836,  and  died  at  the  Hill 
Observatory,  Sidmouth,  August  17,  1920.  He  had  therefore 
completed  his  eighty-fourth  year.  Janssen,  whose  name  will  ever 
be  associated  in  the  history  of  astrophysical  science  with  that  of 
Lockyer,  died  in  1907,  and  was  in  his  eighty-fourth  year.  Lockyer 
received  his  first  lessons  in  science  from  his  father,  who  was  one  of 
the  early  workers  in  research  with  regard  to  the  electric  telegraph. 
He  was  educated  at  various  private  schools  and  on  the  Continent. 
This  was  fortunate,  for  had  he  been  educated  at  any  of  the  public 
schools,  or  universities,  he  would  have  been  taught  very  little, 
if  any,  science,  and  had  he  taken  up  the  career  of  an  astronomer, 
he  would  doubtless  have  been  absorbed  in  the  rank  and  file  of  those 
who  followed  the  traditional,  and  in  those  days  somewhat  narrow, 
grooves.  But  he  possessed  independence  of  mind,  resourcefulness, 
adaptability,  and  moreover,  as  an  amateur,  was  at  liberty  to  select 
his  own  field  for  work.  In  the  year  1857  he  received  an  appoint- 
ment as  a  clerk  in  the  war  office,  and  his  work  there  was  so  much 
appreciated  that  in  1865  he  was  selected  to  edit  the  Army  Regula- 
tions. In  1870  he  was  made  secretary  of  the  Duke  of  Devonshire's 
Royal  Commission  on  Science.  This  important  post  he  owed  not 
only  to  his  proved  business  capacity  but  also  to  the  fame  which 
he  had  already  acquired  by  his  great  discovery  of  the  year  1868. 
When  this  Commission  had  finished  its  labors,  he  was  transferred 
to  the  Science  and  Art  Department,  and  became  definitely  an 
official  astronomer,  or  rather  a  government  servant  devoted  to 
research  in  the  domain  of  astrophysics.  But  only  partially,  for  his 
official  duties  still  included  the  organization  of  the  loan  collection  of 
scientific  apparatus  and  of  the  Science  Museum,  which  was  subse- 
quently founded,  as  well  as  the  inspection  of  training  colleges. 

In  1862  Lockyer  was  living  at  Wimbledon  and  had  erected,  in  a 
garden  in  front  of  his  house,  a  6j-inch  equatorial  by  Cooke  of 
York.  With  this  instrument  he  observed  the  opposition  of  Mars 
of  that  year,  and  communicated  an  account  of  his  observations, 
which  seems  to  have  been  his  first  scientific  paper,  to  the  Royal 
Astronomical  Society. 
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He  was  first  Interested  in  the  sun  by  the  warm  controversy  as  to 
the  nature  of  the  constituents  of  the  solar  surface  which  Secchi 
and  Langley  rightly  described  as  granular,  but  which  Nasmyth 
had  likened  to  willow  leaves.  Lockyer  took  part  in  the  discussion 
and  contributed  a  paper  on  the  subject  to  the  Royal  Astronomical 
Society.  He  noticed  in  particular  the  changing  forms  of  these 
elemental  constituents  of  the  solar  photosphere. 

Similarly,  it  was  the  publication  of  Faye's  theory  of  sun-spots 
in  the  year  1865  which  suggested  to  Lockyer  that  the  question  as 
to  the  nature  of  sun-spots  could  best  be  solved  by  the  application 
of  the  spectroscope.  Accordingly  he  purchased  a  direct-vision 
Herschel-Browning  spectroscope  of  small  dispersion,  and  attaching 
it  to  his  equatorial  threw  the  image  of  a  spot  on  the  sht.  The 
absorption  lines  visible  in  the  spectrum  of  the  photosphere  were 
present  in  that  of  the  spot,  but  in  some  cases  were  widened  in  the 
spot.  It  followed  therefore  that  a  sun-spot  was  seemingly  a  region 
of  increased  absorption. 

These  preliminary  spectroscopic  observations  of  the  sun-spots 
whetted  the  appetite  of  Lockyer  to  explore  the  solar  envelopes,  and 
in  particular  to  determine  the  precise  nature  of  the  solar  flames 
photographed  by  De  la  Rue  and  Secchi  in  the  total  solar  eclipse 
of  i860.  In  this  important  matter  in  the  history  of  solar  spectros- 
copy it  will  be  better  to  quote  Lockyer 's  own  words  as  set  forth 
in  a  "Memorandum  on  the  Solar  Researches  Carried  on  by  Sir 
Norman  Lockyer  1863-1906,"  which  was  privately  printed  in 
London,  1906.     He  writes: 

Talking  these  matters  over  with  Balfour  Stewart,  we  came  to  the  con- 
clusion that  it  could  help  us  in  other  ways,  because,  if  the  objects  photo- 
graphed by  De  la  Rue  in  i860  were  gases  or  vapors,  their  bright  lines  ought  to 
be  revealed  when  a  large  dispersion  was  used,  although  I  had  failed  to  trace 

them  with  a  small  one As  great  dispersion  was  required  both  for  the 

spectra  of  the  "red  flames,"  and  for  settling  the  question  raised  by  the  widening 
of  lines  in  spots,  when  my  paper  of  1866  was  sent  in  to  the  Royal  Society, 
I  made  my  first  application  to  the  Government  Grant  Committee  for  money 
to  provide  a  solar  spectroscope  of  large  dispersion  to  attach  to  the  equatorial. 
The  grant  was  approved;  but,  in  consequence  of  delays,  the  instrument  did 
not  reach  me  till  October,  1868,  by  which  time  I  had  changed  my  residence 
from  Wimbledon  to  24  Fairfax  Road,  West  Hampstead,  where  I  had  built  an 
observatory,  the  6j-inch  Cooke  being  still  the  instrument  used. 
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On  October  20,  1868,  I  saw  the  bright  lines,  as  I  had  anticipated  in  1866. 
On  November  5  I  discovered  that  the  prominences  were  but  higher  waves  in 
a  sea  which  enveloped  the  photosphere.  This  new  envelope  I  named  the 
chromosphere. 

But  Lockyer  had  been  anticipated  in  the  observation  of  the 
bright  hnes  of  the  chromosphere  and  prominences,  independently, 
and  unknown  at  the  time,  by  Janssen,  who  had  observed  the  bright- 
line  spectrum  of  the  prominences  in  the  total  solar  eclipse  of 
August  18  at  Guntoor,  in  India.  So  vivid  were  these  lines  that  they 
had  forced  Janssen  to  exclaim,  "  Je  verrai  ces  lignes-la  en  dehors 
des  eclipses!"  Next  day  and  for  several  days  he  carried  out  his 
intention  and  succeeded,  as  he  had  intuitively  anticipated,  in  view- 
ing the  bright  hydrogen  and  helium  lines  even  on  the  uneclipsed 
sun.  Janssen  sent  a  communication  on  the  subject  to  the  Academy 
of  Sciences  in  Paris.  By  a  dramatic  coincidence  it  arrived  in  time 
to  be  read  at  the  same  session,  on  October  26,  as  Lockyer's  account 
of  his  success  in  viewing  the  spectrum  of  the  prominences,  which 
had  also  been  sent  to  the  Academy.  The  two  names  are  indis- 
solubly  united  in  this  discovery  of  prime  importance  in  solar  physics. 
The  Academy  of  Sciences  to  commemorate  the  discovery  caused  a 
medal  to  be  struck  which  bears  the  effigies  both  of  Janssen  and 
of  Lockyer. 

In  the  dedication  of  the  papers  collected  together  in  his  work 
Solar  Physics  Lockyer  wrote: 

This  book  is  dedicated  to  Balfour  Stewart  and  to  Jules  Janssen.  Encour- 
aged by  the  first  of  these  friends,  I  have  undertaken  the  researches  which 
have  gained  me  the  friendship  of  the  second. 

There  is  no  sign  here  of  petty  jealousy,  or  of  stupid  claims  of 
priority.  In  the  year  1870,  when  Paris  was  besieged  by  the 
Germans,  Lockyer  by  his  kindly  intervention  obtained  a  safe 
conduct  for  his  friend,  so  that  he  might  be  able  to  observe  the  total 
solar  eclipse  of  that  year.  But  Janssen  spurned  the  idea  of  receiv- 
ing any  favors  from  the  enemies  of  his  country,  and  preferred  to 
leave  the  beleaguered  city  in  a  balloon.  Those  of  us  who  attended 
the  meetings  of  the  International  Union  for  Co-operation  in  Solar 
Research  at  Meudon,  in  1907,  will  remember  the  large  painting  of 
this  episode  which  was  hung  in  the  room  in  which  we  gathered 
for  our  discussions. 


SIR  NORMAN  LOCKYER  237 

This  important  discovery  created  great  enthusiasm  among 
astronomers,  and  undoubtedly  promoted  throughout  the  whole 
world  the  foundation  of  observatories  devoted  especially  to  solar 
research.  Lockyer  was  quick  to  perceive  that,  in  order  to  ascertain 
the  origin  and  character  of  the  bright  lines  he  had  observed  in  the 
prominences,  it  would  be  necessary  to  compare  the  celestial  with 
terrestrial  sources  of  light.  He  was  fortunate  in  obtaining  the 
co-operation  of  Professor  Frankland,  and  together  they  made 
experiments  upon  hydrogen,  sodium,  iodine,  under  various  condi- 
tions of  pressure  and  of  temperature.  He  soon  recognized  as  the 
results  of  these  experiments  that  the  yellow  line  in  the  chromo- 
sphere and  prominences  could  not  be  due  to  hydrogen  or  to  sodium. 
It  therefore  represented  an  unknown  element  which  he  named 
"helium."  It  was  not  until  twenty-seven  years  later  that  Sir 
William  Ramsay  detected  helium  in  the  mineral  cleveite  and  in 
some  of  the  gases  which  are  given  off  from  terrestrial  waters.  We 
also  know  now  that  it  is  an  emanation  from  radium,  and  it  plays  a 
most  important  part  in  all  questions  concerning  the  constitution 
of  matter. 

Lockyer's  activities  at  this  period  were  also  directed  to  the 
observation  of  total  solar  eclipses  in  Sicily  in  1870,  and  in  India 
in  187 1.  On  the  first  occasion  he  was  balked  by  clouds,  but  in 
187 1  he  was  successful  and,  with  Respighi,  employed  for  the  first 
time  in  eclipses  the  prismatic  camera,  an  instrument  which  had 
been  so  successful  in  the  hands  of  Secchi  in  furnishing  the  various 
types  of  stellar  spectra.  Although  the  prismatic  camera  does  not 
give  the  exact  wave-length  of  the  lines  of  the  chromospheric 
spectrum,  for  this  purpose  a  slit  spectroscope  and  a  reference 
spectrum  is  needed,  yet  it  has  the  advantage  of  showing  spectral 
images  of  the  radiations  as  bright  arcs,  the  extent  of  the  arc  in 
angle  being  a  function  of  the  height  to  which  the  metallic  vapor 
ascends  in  the  sun's  atmosphere.  It  was  certainly  a  brilliant 
idea  to  adopt  the  instrument  for  studying  the  bright  lines  in  total 
solar  eclipses. 

Lockyer  may  also  be  credited  with  being  the  first  to  realize 
the  necessity  of  combining  laboratory  researches  with  the  observa- 
tion of  the  spectra  of  the  heavenly  bodies.     By  the  year  1872 


238  A.  L.  CORTIE 

he  had  accumulated  a  considerable  number  of  observations  of  the 
lines  in  the  chromosphere.  He  had  also,  by  his  studies  of  the 
hydrogen  spectrum  with  Frankland,  come  to  the  conclusion  that 
the  arrow-head  appearance  of  the  F  line  in  the  chromosphere  was 
due  to  pressure.  He  would  therefore  undertake  a  research  on 
the  spectra  of  the  metallic  elements  under  varying  conditions  of 
temperature  and  of  pressure.  Accordingly,  aided  by  a  government 
grant,  he  set  up  a  laboratory  in  his  private  house  and  engaged  the 
services  of  an  assistant.  In  the  year  1873  his  instruments,  astro- 
nomical and  physical,  were  moved  to  South  Kensington  and  erected 
in  temporary  wood  and  canvas  observatories  in  the  garden  of  the 
Royal  Horticultural  Society.  A  sapper,  when  not  otherwise 
engaged,  was  told  off  as  his  photographic  assistant.  Here  we  have 
the  protot}^e  and  the  germ  idea,  which  has  fructified  in  such  a 
magnificent  modern  astrophysical  observatory  as  that  of  Mount 
Wilson. 

Lockyer  had  been  elected  a  Fellow  of  the  Royal  Society  in  the 
year  1869,  and  his  contributions  to  its  Procge^wg^  and  Transactions 
on  his  researches  in  spectrum  analysis  in  connection  with  the  sun 
were  numerous,  original,  and  important.  In  his  photographs  of  the 
metallic  spectra  he  had  detected  the  difference  between  long  and 
short  lines,  the  thickening  and  thinning  of  lines  with  pressure,  the 
variation  in  length,  brightness,  strength,  and  number  of  lines,  and 
the  change  in  general  produced  by  variations  in  temperature. 
He  had  made  a  photographic  map  of  the  solar  spectrum  between 
wave-lengths  3900  and  4100  on  a  scale  four  times  that  of  Angstrom's 
map,  and  had  plotted  on  it  the  comparison  with  lines  of  iron, 
calcium,  magnesium,  nickel,  and  other  elements.  Meanwhile  he 
had  continued  his  systematic  observation  of  the  solar  prominences, 
emplo}dng  a  seeing-slit,  had  discovered  the  metalloids  carbon  and 
silicon  in  the  sun,  and  had  been  the  first  to  recognize  that  the  dis- 
placements of  the  spectral  rays  in  the  spectrum  of  the  prominences 
were  due  to  radial  movements  in  the  gases.  This  he  rightly 
attributed  to  the  Doppler-Fizeau  principle,  which  was  then  little 
known.  He  was  the  first  also  in  showing  that  the  coronal  ring 
at  the  wave-length  5303,  then  known  as  K  1474,  from  the  position 
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it  occupied  in  Kirchhoff's  maps,  was  coterminous  with  the  lower 
corona.  His  photographs  also  gave  detailed  knowledge  of  the 
spectrum  of  the  lowest  layers  of  the  solar  atmosphere,  the  so-called 
"flash"  spectrum,  which  is  only  visible  in  the  first  two  and  last  two 
seconds  of  totality  in  total  solar  eclipses. 

It  was  not  until  the  year  1879  that  a  Solar  Physics  Observatory 
was  definitely  established  at  South  Kensington,  and  a  committee 
appointed  "to  advise  on  the  methods  of  carrying  on  observations 
on  solar  physics."  Lockyer  was  of  course  the  dominating  person- 
ality of  this  committee,  and  was  practically  free  to  carry  on  any 
researches  he  considered  to  be  advisable.  The  next  year  he  was 
directed  to  give  a  course  of  lectures  on  astronomical  physics  to  the 
students  of  the  science  school,  and  in  1882  was  appointed  full 
professor.  In  this  capacity  he  inaugurated  a  course  of  practical 
training  in  the  use  of  instruments,  which  eventuated  in  the  increase 
of  his  observatory  staff  by  the  inclusion  of  research  students. 
Thus  Professor  Fowler  joined  the  staff  in  this  capacity  in  1885, 
and  became  Lockyer 's  demonstrator  in  1888.  The  grant  in  aid 
at  this  time  was  £500  annually,  which  was  increased  in  1898  to 
£1,000. 

It  is  wonderful  what  Lockyer  effected  on  such  an  inadequate 
pittance.  But  he  had  inspired  his  staff  with  some  of  his  own 
enthusiasm  and  spirit  of  hard  work,  and  a  series  of  memoirs 
appeared  under  the  auspices  of  the  Solar  Physics  Committee  which 
are  indispensable  to  all  workers  in  astrophysics,  and  are  models  of 
accurate  research.  One  of  the  most  important  of  these  researches 
was  that  which  was  concerned  with  the  differences  in  the  radiations 
given  by  aii  element  according  to  its  vaporization  by  the  flame, 
the  electric  arc,  or  the  electric  spark.  In  particular  he  drew  the 
important  distinction  between  the  lines  which  appear  in  the  arc 
alone  and  those  which  are  strengthened  in  passing  from  the  excita- 
tion of  the  arc  to  that  of  the  spark.  The  latter  lines  he  named 
"enhanced"  lines,  and  their  importance  in  all  questions  of  solar 
and  stellar  physics  is  paramount.  They  are  for  instance  the 
characteristic  lines  of  the  "flash"  and  chromospheric  spectra,  and 
are  prominent  in  the  early  spectral  phases  of  new  stars. 
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As  we  have  seen,  Lockyer's  very  first  observations  of  the  solar 
surface  with  the  spectroscope  were  those  of  sun-spots.  At  South 
Kensington  a  very  long  series  of  observations,  extending  over 
many  years,  were  undertaken  under  his  direction  on  not  the 
widest  but  the  six  most  widened  lines  in  each  of  the  regions  F-& 
and  h-T).  From  the  reduction  of  these  observations  he  found 
that  the  lines  widened  in  sun-spots  were  not  common  to  spots  and 
prominences,  and  that  lines  of  the  prominence,  at  least  those  pro- 
duced in  the  lower  strata,  were  precisely  those  which  are  intensified 
in  passing  from  the  arc  to  the  spark.  Lockyer  also  announced  that 
the  lines  most  affected  in  sun-spots  at  the  times  of  solar  maxima 
were  the  fainter  lines,  while  those  similarly  most  prominent  at  solar 
minima  were  the  stronger  lines.  He  connected  this  periodic  vari- 
ation with  the  prevalence  of  the  monsoons  in  the  Indian  Ocean, 
and  consequently  with  the  years  of  plenty  and  of  famine.  But 
about  the  same  time  (1881)  we  at  Stonyhurst,  as  a  supplement  to 
these  investigations,  took  up  the  systematic  observation  of  the 
most  widened  lines,  and  of  all  the  lines  in  the  region  C-D.  It  was 
very  soon  evident  that  the  sun-spot  spectrum  was  constant,  with 
practically  no  variation,  though  there  was  some  evidence  of  stronger 
iron  lines  being  found  among  the  most  widened  lines  at  times  of 
sun-spot  minimum.  In  their  later  publications  on  this  subject 
the  South  Kensington  observers  adopted  the  same  view,  and  more 
than  thirty  years'  observations  have  convinced  me  that  the  sun- 
spot  spectrum  is  essentially  constant.  The  great  predominance 
of  the  fainter  lines  of  the  elements  among  the  most  widened  lines, 
and  especially  of  those  of  titanium  and  vanadium,  were  concomi- 
tantly and  independently  observed  both  -at  South  Kensington  and 
at  Stonyhurst.  Such  observations  were  prehminary  to  the  magnifi- 
cent map  of  the  sun-spot  spectrum  produced  by  Hale  at  Mount 
Wilson,  and  to  the  solution  of  the  appearance  of  widening  as  due  to 
the  magnetic  fields  of  sun-spots,  as  also  to  Fowler's  identification 
of  the  spot-bands  as  being  due  to  titanium  oxide.  With  regard 
to  sun-spots  also,  the  areas  of  all  such,  in  the  period  183  2-1 900, 
from  all  available  sources,  were  utihzed  to  form  curves,  which  were 
issued  as  one  of  the  pubHcations  from  South  Kensington. 
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Lockyer  directed  no  less  than  eight  expeditions  to  observe  total 
eclipses  of  the  sun.  In  fact  so  predominant  was  his  influence  and 
strong  personality  in  these  expeditions  that  one  of  his  friends,  we 
think  it  was  Clerk-Maxwell,  good-naturedly  lampooned  him  in  the 
following  humorous  couplets: 

And  Lockyer,  and  Lockyer, 
Gets  cockier,  and  cockier; 

For  he  thinks  he's  the  owner 
Of  the  solar  corona. 

In  several  of  those  which  occurred  in  distant  regions  he  had  the 
service  of  a  war  vessel  and  its  crew  placed  at  his  disposal  by  the 
Admiralty.  He  had  unbounded  faith,  and  rightly  so,  as  we  have 
ourselves  experienced,  in  the  adaptability  and  proverbial  readiness 
of  the  "handy  man."  Accordingly  he  would  train  quite  a  number 
of  officers  and  men  to  take  part,  under  himself  and  his  immediate 
assistants,  not  only  in  the  astronomical  observations,  but  in  all 
sorts  of  incidental  meteorological  and  kindred  observations.  He 
united  enthusiasm  with  great  orderliness  and  method.  Each  time 
he  took  part  in  an  eclipse  expedition  he  made  the  previous  observa- 
tions serve  as  the  foundation  of  further  researches.  With  the 
prismatic  camera,  for  instance,  he  felt  his  way,  and  increased  the 
dispersion  at  each  succeeding  eclipse.  He  has  produced  a  series 
of  most  valuable  memoirs  of  his  observations,  especially  note- 
worthy being  the  chromospheric  reductions  in  the  Indian  eclipse 
of  1898,  when  he  had  Fowler  as  his  assistant.  He  also  obtained 
important  results  of  permanent  value  on  the  varying  forms  and  on 
the  constituents  of  the  sun's  corona. 

Although  observation  and  experiment  are  the  sure  basis  and 
foundation  of  natural  science,  yet  its  chief  end  and  function  is  the 
search  for  the  causes  of  phenomena.  Hence  we  find  in  the  progress 
of  all  science  that  working  hypotheses  are  broached  which  strive 
to  co-ordinate  all  the  knowledge  so  far  acquired  and  to  point  the 
way  to  fresh  observation  and  experiment.  Most  of  these  are  dis- 
carded as  scientific  knowledge  advances  to  be  replaced  by  others 
of  more  far-reaching  import.  But  not  wholly  discarded,  for  in  a 
good  hypothesis  many  of  the  root  or  germ  ideas  survive. 
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The  various  changes  noticed  in  the  spectra  of  the  elements  under 
varying  conditions  of  temperature,  pressure,  and  electrical  excita- 
tion, in  experiments  in  the  laboratory,  had  suggested  to  him  the 
idea  that  either  the  high  temperatures,  or  the  electric  stresses 
employed,  were  breaking  up  the  substances  into  various  "molecular 
groupings."  With  regard  to  the  sun,  the  h^y-pothesis  enunciated 
supposed  that,  at  the  high  temperatures  prevailing  in  the  photo- 
sphere and  the  lower  reaches  of  the  overlying  envelopes,  the 
chemical  elements  were  broken  up  or  dissociated.  Accordingly, 
if  the  elements  as  known  to  us  exist  at  all  in  the  sun,  they  are 
found  only  in  the  higher  or  relatively  cooler  layers  of  its  atmosphere. 
Vertical  currents  bring  down  the  formed  material  to  be  dissociated 
in  the  lower  reaches.  Hence  reduced  in  density  it  reascends  to 
become  formed  material  again  in  the  appropriate  heat  level.  The 
hypothesis  is  worked  out  fully  in  his  work  on  The  Chemistry  of  the 
Sun.  The  fundamental  idea,  that  of  dissociation  of  the  chemical 
elements,  subsists,  whatever  may  be  thought  of  the  details  of  his 
scheme,  and  at  present  in  the  electronic  theory  as  to  the  constitution 
of  the  elements  is  of  very  great  importance. 

In  his  studies  in  solar  physics  Lockyer  was  naturally  led  to 
investigate  the  connections  which  may  possibly  exist  between  solar 
and  terrestrial  phenomena.  As  early  as  1872  he  published  a  paper 
on  the  relation  between  sun-spots  and  meteorology-  in  which  he 
endeavored  to  show  that  a  relation  exists  between  the  sun-spots 
and  the  cycle  of  monsoons.  Thirty  years  later,  in  conjunction  with 
his  son,  ISIajor  J.  W.  S.  Lockyer,  he  returned  to  the  same  subject. 
Having  detected  in  the  solar  prominences  a  period  of  about  3.8 
years,  he  showed  that  this  period  coincided  with  a  similar 
periodic  intensification  of  both  high-  and  low-pressure  means  for 
Incha  and  Cordoba,  and  that  pressure  changes  respond  more 
quickly  to  solar  influence  than  does  rainfall.  He  next  extended  the 
investigation  to  the  Pacific  Archipelago  and  to  Austraha,  and 
showed  that  the  connection  was  substantiated.  A  corresponding 
area  in  America  gave  inverse  action  like  Cordoba.  Finally,  these 
short-period  variations  of  atmospheric  pressure,  which  he 
assimilated  to  the  Bombay-Cordoba  "seesaw,"  appeared  to  be 
prevalent   at   numerous   stations   scattered   all   over   the   world. 
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If  this  oscillation  of  terrestrial  pressure  types  can  be  connected 
with  periodicity  in  the  prominences,  a  means  is  afforded  of  long- 
period  weather  forecasting.  Certainly  the  general  law  of  the 
circulation  of  winds  in  the  Southern  Hemisphere,  which  was  estab- 
lished by  the  Lockyers  in  this  series  of  memoirs,  has  been  verified, 
and  is  now  admitted  by  many  meteorologists. 

Concomitantly  with  these  researches,  the  solar  prominence  and 
spot  circulation  for  the  period  1872-1901  was  studied  by  father 
and  son.  It  was  established  that  the  prominences  show  a  pole- 
ward drift,  that  at  prominence  minima  there  is  only  one  zone,  in 
contradistinction  to  the  sun-spots  which  affect  two  zones,  though 
the  subsidiary  maxima  were  coincident  in  time  with  two  zones  of 
prominences.  This  led  them  to  investigate  the  relation  between 
solar  prominences  and  terrestrial  magnetism.  It  was  found  that 
polar  prominences  follow  a  different  law  from  equatorial  promi- 
nences, and  that  while  diurnal  magnetic  variations  seemed  to  be 
in  agreement  with  the  equatorial  prominences,  great  magnetic 
storms  vary  with  polar  prominences.  The  seasonal  variation  in 
the  frequency  of  magnetic  storms,  the  minima  occurring  near  the 
equinoxes,  was  attributed  to  the  position  of  the  sun's  axis  relatively 
to  the  earth.  But  we  think  that  in  so  far  as  metallic  prominences 
are  connected  with  sun-spots,  it  is  only  incidentally  that  promi- 
nences are  associated  with  magnetic  disturbance.  Otherwise 
there  does  not  seem  to  be  any  link  between  the  two  phenomena. 
It  is  quite  true,  however,  that  magnetic  disturbances  are  more 
frequent  when  the  heliocentric  position  of  the  earth  is  in  the  semi- 
equatorial  solar  regions. 

It  was  not  until  the  year  1890  that  Sir  Norman  Lockyer  extended 
his  researches  so  as  to  include  observations  of  the  spectra  of  nebulae 
and  stars.  He  began  with  the  spectrum  of  the  nebula  in  Orion,  of 
which,  with  a  two-prism  spectroscope  attached  to  the  30-inch 
reflector,  he  obtained  a  photograph  showing  twenty-eight,  and 
later  over  forty,  lines,  some  of  which  he  noted  as  coincident  with 
the  chief  bright  lines  in  the  star  P  Cygni.  Comet  a  (1890)  and 
Nova  Aurigae  (1892)  next  attracted  his  attention,  and  in  the  latter 
year  he  published  a  discussion  of  443  photographs  of  the  spectra 
of  171  stars  taken  chiefly  with  a  6-inch  prismatic  camera,  furnished 
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with  objective  prisms  of  7^°  and  45°  angle.  The  paper  contained  a 
classification  of  the  stars  based  on  the  extent  of  the  absorption  in 
the  ultra-violet.  It  is  noteworthy  from  the  fact  that  he  divided  the 
stars,  on  a  temperature  basis,  into  two  main  groups  of  ascending 
and  descending  stars.  It  will  not  be  necessary  to  discuss  in  detail 
his  observations  of  the  spectra  of  other  stars,  as  /S  Lyrae,  7  Cas- 
siopeiae,  a  Aquilae,  Nova  Persei,  in  which  he  had  the  expert 
assistance  of  Professor  Fowler  and  Mr.  F.  E.  Baxandall.  Several 
of  the  memoirs  issued  under  the  auspices  of  the  Solar  Physics 
Committee  contain  most  valuable  detailed  lists  of  lines  observed 
in  the  spectra  of  stars,  and,  what  is  most  valuable,  corresponding 
lists  of  the  chemical  origins  of  the  lines.  In  particular  we  may 
mention  the  catalogue  of  four  hundred  and  seventy  of  the  brighter 
stars  classified  according  to  their  chemistry,  the  memoir  on  some 
of  the  phenomena  of  new  stars,  and,  as  an  associated  laboratory 
research,  the  tables  of  wave-lengths  of  the  enhanced  lines. 

For  more  than  thirty  years  Lockyer's  researches  and  studies 
were  directed  to  the  classification  of  the  stars  according  to  their 
spectra.  Some  of  the  last  bulletins  he  issued  from  the  Hill  Observa- 
tory, near  Sidmouth,  were  devoted  to  the  same  subject.  The 
root  idea  of  his  classification  as  it  had  been  in  his  studies  of  the 
solar  spectrum,  in  the  photosphere,  spots,  reversing-layer,  and 
prominences,  was  that  of  the  dissociation  of  the  elements  at  high 
temperatures.  He  maintained  that  the  process  of  stellar  evolution 
is  not  merely  a  cooling  process,  but  that  there  are  many  stars  which 
are  rising  in  temperature,  as  well  as  those  which  are  cooling.  The 
sun  and  the  stars  are  mainly  gaseous  bodies,  and  in  such  bodies,  so 
long  as  the  density  of  the  gaseous  mass  remains  low,  there  must  be 
a  rise  in  effective  temperature  as  condensation  proceeds.  The 
gaseous  mass  loses  energy  by  radiation  of  light  and  heat  at  its 
surface.  The  process  will  go  on  until  the  condensation  has  reached 
such  a  stage  that  no  longer  is  radiation  at  its  surface  compensated 
for  by  the  contraction  of  the  body  on  its  center.  It  \vill  then  cool 
rapidly.  This  seemingly  paradoxical  law,  that  cooling  bodies 
rise  in  temperature  until  they  cease  to  be  wholly  gaseous,  was 
first  enunciated  by  J.  Homer  Lane,  of  Washington,  in  1892,  and 
has  been  developed  by  Ritter.     Sir  Norman  Lockyer  starts  with 
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the  assumption  that  a  nebula  is  a  swarm  of  meteorites  at  a  low 
temperature.  This  fundamental  assumption  is  negatived  by 
modern  spectroscopic  studies,  such  for  instance  as  those  made  at 
the  Lick  Observatory.  As  condensation  proceeds,  the  temperature 
of  the  bodies  formed  from  the  nebula,  says  Lockyer,  rises,  with  a 
corresponding  change  in  the  spectrum,  until  the  highest  temperature 
is  reached.  We  thus  have  stars  with  fluted  spectra,  metallic 
stars,  proto-metallic  stars,  when  dissociation  takes  place,  cleveite- 
gas  stars,  and  proto-hydrogen  stars.  Then  follow  the  changes,  in 
reverse  order,  in  the  spectra,  as  the  cooling  bodies  lose  temperature 
by  radiation  at  their  surfaces  in  excess  of  that  gained  by  con- 
densation. There  are  therefore  two  arms  to  Lockyer's  ''tempera- 
ture curve,"  the  one  an  ascending  arm  and  the  other  a  descending 
arm.  According  to  this  theory,  stars  of  class  M  are  placed  on  the 
ascending  arm,  immediately  above  the  nebulae,  and  the  stars  of 
class  N,  showing  the  carbon  absorption,  immediately  following  the 
sun,  on  the  descending  arm.  The  discrimination  of  stars  at  higher 
temperatures  into  groups  of  ascending  temperature,  and  groups  of 
cooling  stars,  is  founded  upon  the  appearance  of  arc  and  spark 
lines  in  the  respective  spectra  in  varying  intensities.  This  is  the 
criterion  that  is  employed  by  W.  S.  Adams  in  his  spectroscopic 
determinations  of  stellar  parallaxes.  In  Lockyer's  classification 
of  the  stars,  those  on  the  ascending  branch  of  the  curve  differ  from 
those  on  the  descending  branch  at  the  same  temperature,  because 
the  hydrogen  hnes  are  thinner  and  the  metallic  lines  more  intense 
as  compared  with  the  same  lines  in  the  spectra  of  stars  on  the 
descending  branch. 

Lockyer  labeled  his  classes  of  stars  by  the  names  of  representa- 
tive stars  in  the  different  classes.  Thus  after  the  condensing 
nebula  we  have  the  Antarian,  Aldebarian,  Polarian,  Cygnian, 
Rigelian,  Taurian,  and  Crucian  stars.  At  the  summit  of  the 
curve  stand  the  Alnitamian  and  Argonian  classes.  On  the  descend- 
ing arm  come  in  order  Achernarian,  Algolian,  Markabian,  Sirian, 
Procyonian,  Arcturian,  and  Piscian  stars.  This  order  would 
correspond  to  M,  K5,  G,  F,  A2,  B8,  B3,  B2  ascending;  B,  O,  at  the 
summit;  and  B5,  B8,  A,  F5,  G,  K,  N  descending,  on  the  Harvard 
system  of  classification. 
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The  central  idea  of  Lockyer's  hypothesis  has  been  rejuvenated 
and  modified  by  Henry  Norris  Russell,  although  the  data  upon 
which  his  arrangement  rests  are  derived  from  the  absolute  magni- 
tudes, the  masses,  and  the  deiisities  of  the  stars.  It  agrees,  too, 
with  Lockyer's  system  in  making  the  B  class  of  stars  a  class  apart 
at  the  summit  of  the  curve.  But  the  discrimination  of  the  K  and  M 
stars  into  "giants"  and  ''dwarfs"  is  a  profound  modification  of 
Lockyer's  scheme,  in  which  all  the  stars  of  the  M  class  are  in  an 
early  stage  of  development.  In  RusseU's  classification  the  "giants " 
are  in  an  early  stage  and  the  "dwarfs"  in  a  late  stage.  The 
difference  in  luminosity  is  attributed  to  a  difference  in  volume  or 
size,  which  means  a  difference  in  density,  and  also  to  differences  in 
surface  brightness. 

Lockyer's  observations,  researches,  and  theories  are  summarized 
in  two  works,  the  Meteoritic  Hypothesis  (1890)  and  Inorganic 
Evolution  (1900).  These  embody  an  attempt  to  bring  all  the 
known  phenomena  of  the  heavens  under  one  category.  Nebulae, 
comets,  new  stars,  variable  stars,  are  all  supposed  to  be  due  to  the 
clash  of  meteor  streams,  from  the  condensation  of  which  come 
stars  and  suns.  It  was  a  bold  and  masterly  piece  of  theorizing. 
Although  there  is  no  chance  of  its  being  generally  accepted,  it 
contained,  as  we  have  seen,  many  fundamental  ideas  of  modern 
physics,  it  evoked  much  criticism,  and  acted  as  an  incentive  to 
research. 

Our  main  theme  has  been  the  research  work  of  Lockyer  in  the 
domain  of  solar  and  stellar  physics.  We  can  but  briefly  mention 
some  of  his  numerous  other  activities.  In  1869  he  founded  the 
weekly  scientific  journal  Nature,  which  is  the  leading  journal  of 
the  sort  probably  in  the  world,  and  has  secured  an  international 
circulation.  It  is  in  fact  indispensable  to  the  scientific  worker. 
For  fifty  years  Sir  Norman  Lockyer  was  its  editor,  ably  assisted  in 
later  years  by  the  present  editor.  Sir  Richard  Gregory.  Its  form 
has  been  practically  unmodified  from  its  foundation. 

In  1894,  as  the  result  of  a  visit  to  Egj-pt,  Lockyer  became 
interested  in  the  orientation  of  temples  and  their  astronomical 
significance  in  connection  with  the  heliacal  risings  and  settings  of 
the  stars.     On  returning  to  England,  he  extended  his  researches  so 
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as  to  embrace  the  stone  circle  at  Stonehenge.  His  work,  The 
Dawn  of  Astronomy,  contains  the  results  of  his  measures  and  of 
the  conclusions  he  deduces  from  them. 

In  1903-1904,  Lockyer  was  president  of  the  British  Association 
and  delivered  a  stirring  address  on  ''The  Influence  of  Brain  Power 
on  History."  His  plea  was  for  the"  foundation  of  more  national 
universities,  and  the  address  produced  a  great  impression.  It 
eventuated  in  the  foundation  of  the  British  Science  Guild,  for  the 
furtherance  of  scientific  interests,  political  and  social.  He  became 
president  of  the  Guild  in  191 2. 

Lockyer  was  initiated  into  the  game  of  golf  by  Professor  Tait, 
who  had  also  suggested  to  him  originally  the  first  ideas  of  his 
meteoritic  hypothesis.  Tait,  it  is  related,  once  worked  out  by 
rigid  dynamics  the  maximum  flight  of  a  golf  ball  when  driven  from 
the  tee.  Next  morning  his  son,  Freddy,  who  was  one  of  the 
greatest  exponents  of  the  game,  went  out  to  the  links  and  drove  a 
ball  a  few  yards  farther  than  the  range  calculated  by  his  father. 
Lockyer,  with  his  customary  enthusiasm  in  every  subject  he  took 
up,  revised  the  rules  of  golf,  and  published  his  revision  in  book  form 
in  1896.  This  revision  had  not  a  little  to  do  with  the  form  of  the 
rules  as  subsequently  adopted  at  St.  Andrews. 

Among  Lockyer's  closest  friends  was  the  eminent  poet.  Sir 
Alfred  Tennyson.  Accordingly  in  a  book  written  in  1910,  in 
conjunction  with  his  daughter,  on  Temiyson  as  a  Student  and  Poet 
of  Nature,  he  collected  all  passages  in  the  poems  which  dwelt  with 
the  scientific  aspects  of  natural  phenomena. 

In  1913  it  was  decided  to  move  the  Solar  Physics  Observatory 
from  South  Kensington,  as  the  site  was  required  for  other  buildings 
in  connection  with  the  departments  of  science  and  art.  Lockyer 
advocated  a  hill  site,  at  Salcombe  Regis,  near  Sidmouth,  which 
undoubtedly  possesses  great  advantages  in  suitability  of  climate. 
But  the  committee  to  which  the  matter  was  referred  decided  that 
the  observatory  should  be  transferred  to  Cambridge,  and  thus  be 
attached  to  the  university.  Although  Lockyer  was  an  old  man, 
this  decision  undoubtedly  helped  to  break  him  up.  But  with 
indomitable  pluck  and  admirable  courage,  he  would  start  the 
HiU  Observatory,   as   a  separate   establishment,   under  its   own 
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corporation.     This  he  succeeded  in  doing,  and  he  leaves  it  in  a  flour- 
ishing condition. 

Sir  Norman  Lockyer,  created  K.C.B.  in  1897,  died  full  of 
academic  and  scientific  honors.  He  was  LL.D.  of  Aberdeen, 
Edinburgh,  and  Glasgow  universities,  Sc.D.  of  Cambridge,  D.Sc. 
of  Oxford  and  Sheffield.  In  1875  he  received  the  Janssen  Medal 
of  the  Paris  Academy  of  Sciences,  and  was  elected  a  corresponding 
member.  From  the  Royal  Society  he  received  the  Rumford 
Medal.  He  was  also  an  honorary  member  of  the  American  Acad- 
emy of  Arts  and  Sciences,  and  of  numerous  other  foreign  academies 
and  societies.  He  married  twice,  first  Winifred,  daughter  of  Mr. 
Wilham  James,  of  Trebinshon,  near  Abergavenny,  who  died  in 
1879,  and  secondly  in  1903  Mrs.  Bernard  E.  Broadhurst,  daughter 
of  the  late  Mr.  S.  E.  Browne,  of  Bridgewater  and  Clifton.  He 
had  four  sons  and  two  daughters. 

Stonyhurst  College 
December  28,  1920 


MEASUREMENT    OF    THE    DIAMETER    OF    a    ORIONIS 
WITH  THE  INTERFEROMETER' 

By  a.  a.  MICHELSON  and  F.  G.  PEASE 

ABSTRACT 

Twenty-foot  interferometer  for  measuring  minute  angles. — Since  pencils  of  rays  at 
least  lo  feet  apart  must  be  used  to  measure  the  diameters  of  even  the  largest  stars, 
and  because  the  interferometer  results  obtained  with  the  loo-inch  reflector  were  so 
encouraging,  the  construction  of  a  20-foot  interferometer  was  undertaken.  A  very 
rigid  beam  made  of  structural  steel  was  mounted  on  the  end  of  the  Cassegrain  cage, 
and  four  6-inch  mirrors  were  mounted  on  it  so  as  to  reduce  the  separation  of  the  pencils 
to  45  inches  and  enable  them  to  be  brought  to  accurate  coincidence  by  the  telescope. 
The  methods  of  making  the  fine  adjustments  necessar>'  are  described,  including  the 
use  of  two  thin  wedges  of  glass  to  vary  continuously  the  equivalent  air-path  of  one 
pencil.     Sharp  fringes  were  obtained  with  this  instrument  in  August,  1920. 

Diameter  of  a  Orionis. — Although  the  interferometer  was  not  yet  provided  with 
means  for  continuously  altering  the  distance  between  the  pencils  used,  some  obser\'a- 
tions  were  made  on  this  star,  which  was  known  to  be  very  large.  On  December  13, 
1920,  with  very  good  seeing,  no  fringes  could  be  found  when  the  separation  of  the 
pencils  was  121  inches,  although  tests  on  other  stars  showed  the  instrument  to  be  in 
perfect  adjustment.  This  separation  for  minimum  visibility  gives  the  angular  diam- 
eter as  o''o47  within  10  per  cent,  assuming  the  disk  of  the  star  uniformly  luminous. 
Hence,  taking  the  parallax  as  o''oi8,  the  linear  diameter  comes  out  240X10*  miles. 

Interferometer  method  of  determining  the  distribution  of  luminosity  on  a  stellar  disk. — 
The  variation  of  intensity  of  the  interference  fringes  with  the  separation  of  the  two 
pencils  depends  not  only  on  the  angular  diameter  of  the  disk  but  also  on  the  dis- 
tribution of  luminosity.  The  theor>'  is  developed  for  the  case  in  which  /  =  /o  (R'-r^)", 
and  formulae  are  given  for  determining  n  from  observations. 


''f} 


Table  of  values  of  \  (i  — .v^)"  ^  cos  kx  dx,  for  n  equal  to  o,  5,  i,  and  2,  and  for 
k  up  to  600°,  is  given. 

It  was  shown  in  Contributions  Nos.  184  and  185,^  that  the 
appHcation  of  interference  methods  to  astronomical  measurements 
is  not  seriously  affected  by  atmospheric  disturbances,  and  indeed 
observations  by  these  methods  have  proved  feasible  even  when  the 
seeing  was  very  poor.  The  explanation  of  this  apparent  paradox 
lies  in  the  fact  that  when  the  whole  objective  is  effective,  the 
atmospheric  disturbances,  being  irregularly  distributed  over  the 
surface,  simply  blur  the  diffraction  pattern;  but  in  the  case  of  two 
isolated  pencils  too  small  to  be  affected  by  such  an  integrated 
disturbance,  the  resulting  interference  fringes,  though  in  motion, 

^  Contributions  from  the  Mount  Wilson  Observatory,  No.  203. 
^  Astro  physical  Journal,  51,  257,  263,  1920. 
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are  quite  distinct,  unless  the  period  of  the  disturbances  is  too 
rapid  for  the  eye  to  follow. 

When  it  was  found  that  the  interference  fringes  remain  at  full 
visibility  with  the  slits  separated  by  the  diameter  of  the  100-inch 
mirror,  it  was  decided  to  build  an  interferometer  with  movable 
outer  mirrors  (Fig.  i)  in  order  to  make  tests  with  separations  as 
great  as  20  feet. 

The  interferometer  beam  (Plate  I\'(7  and  Fig.  2)  was  made  of 
structural  steel,  as  stiff  and  rigid  as  circumstances  of  weight  and 


Fig.  I. — Diagram  of  optical  path  of  interferometer  pencils.  Mi,  M2,  M^,  M^, 
mirrors;  a,  100-inch  paraboloid;  b,  convex  mirror;  c,  coude  flat;  d,  focus. 

operation  would  permit,  for  flexure  causes  a  separation  of  the 
two  pencils,  and  any  vibration  as  great  as  one-thousandth  of  a 
millimeter  blurs  the  fringes. 

The  beam  is  constructed  of  two  lo-inch  channels  with  flanges 
turned  inward,  separated  by  pieces  of  1 2-inch  channel  and  covered 
on  the^3ottom  with  fV-inch  (4.75  mm)  steel  plate  (C,  Fig.  2),  all 
riveted  securely  together. 

To  reduce  the  weight  holes  were  cut  wherever  the  removal  of 
metal  would  not  cause  a  weakening  of  the  structure.  The  inner 
edges  of  the  top  flanges  were  planed  true  to  o.ooi  of  an  inch 


PLATE  IV 


I'iO 


Interferometer  Used  with  ioo-ixch  Hooker  Reflector 

a.  A,  20-foot  interferometer  beam  on  end  of  telescope;   Mi,  M,,  Mj,  il/4,  mirrors;  D,  Cassegrain  cage 

b,  c.     Adapter  at  focus;    /,  rod    to    shift  wedge;    K,  direct-vision  prism;   G,    fixed    wedge;  H,  mov- 

able wedge;  /,  plane-parallel  compensator. 
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(0.025  mm),  the  beam  being  supported  as  it  was  to  be  mounted  on 
the  telescope. 

Four  mirrors,  Mi,  M^,  M^,  M^  (Figs,  i  and  2  and  Plate  IVa), 
about  6  inches  (152  mm)  in  diameter,  inclined  45°  to  the  base, 
are  mounted  on  sHdes;  M2  and  M,  are  adjusted  by  three  screws 
at  the  back,  while  M^  and  M^  are  adjustable  about  two  horizontal 
axes  by  means  of  line  screws  at  the  ends  of  9-inch  (228  mm)  lever 
arms.  The  mirrors  M2  and  M^  are  permanently  fixed  except  that 
M3  has  a  motion  of  several  millimeters  along  its  slide  parallel  to 
the  beam. 

The  nearly  constant  separation  of  the  mirrors  M2  and  M^  by 
about  45  inches  (114. 2  cm)  gives  the  fringe  pattern  a  fixed  spacing 
equal  to  0.02  mm,  easily  visible  with  a  magnification  of  1600.  The 
mirrors  Mi  and  M^  can  be  shifted  along  the  beam;  their  distances 
from  M2  and  M^  must  be  equal,  a  condition  satisfied  as  closely  as 
possible  by  measurement  with  steel  scales. 

The  beam  is  mounted  on  the  end  of  the  Cassegrain  cage 
(Plate  IVa  and  Fig.  2),  which  is  11  feet  (3.35  m)  in  diameter,  and 
all  observations  are  made  at  the  Cassegrain  focus  corresponding 
to  an  equivalent  focal  length  of  134  feet  (40.84  m).  Two  pencils 
from  the  star  are  reflected  from  the  outer  mirrors  M^  and  M^ 
to  mirrors  M2  and  M3,  thence  over  the  ordinary  course  in  the 
telescope  to  the  paraboloid  (a,  Fig.  i),  the  convex  mirror  (b,  Fig.  i), 
the  coude  flat  (c,  Fig.  i),  and  finally  the  focus  (d,  Fig.  i). 

M2  and  M^  are  adjusted  during  the  day  and  M^  and  M^  on 
a  star  at  night;  and  usually  after  the  first  setting  of  a  run  the 
image  always  appears  in  the  field  of  view  of  the  telescope. 

Coincidence  of  the  two  interferometer  pencils  at  the  focus  is 
obtained  by  first  adjusting  the  mirrors  Mj,  and  M^  and  then 
tilting  a  plane-parallel  glass  plate,  15  mm  thick  (/,  Fig.  3,  and 
Plate  TVc) ,  in  the  path  of  one  of  the  pencils,  which  also  serves  to 
compensate  the  path  of  the  double  wedge  mentioned  below. 

Equality  of  path  in  the  two  interferometer  pencils  is  obtained 
by  first  setting  the  mirrors  M^  and  M^  symmetrically  on  the  beam, 
as  nearly  as  possible,  and  then  adjusting  the  double  wedge  of 
glass  (C,  H,  Fig.  3,  and  Plate  IVr,  2  feet  within  the  focus)  in  the 
path  of  one  of  the  pencils,  the  relative  motion  of  the  wedges 
altering  the  path  slowly  and  continuously. 
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One  of  the  wedges  {H,  Fig.  3),  whose  angles  are  about  10°, 
can  be  moved  25  mm  either  side  of  its  mean  position,  parallel 
to  the  inclined  surfaces.  One  turn  of  the  rod  (/,  Plate  IV6)  shifts 
this  wedge  0.5  mm,  thus  introducing  an  equivalent  air  path  of 
about  0.045  mm.  Although  fringes  can  be  observed  throughout 
one-third  of  a  turn,  corresponding  to  an  air  path  of  0.015  mm, 
or  about  26  light-waves,  the  finding  of  the  fringes  is  notably  facili- 
tated by  a  direct- vision  prism  (A',  Plate  IWb)  placed  in  front  of  the 
eyepiece,  which  permits  observation  of  interference  bands  with  a 
path -difference  of  several  hundred  waves. 


Fig.  3. — Diagram  of  adapter  at  focus.  G,  fixed  wedge;  H,  movable  wedge; 
/,  plane-parallel  compensator;  J,  rod  to  shift  wedge. 

To  obtain  a  series  of  reference  or  "zero"  fringes  the  end  of  the 
telescope  tube  is  entirely  covered,  save  for  two  apertures  in  the 
beam  (in  addition  to  those  of  mirrors  M^  and  M^,  6  inches  (152  mm) 
in  diameter.  The  pencils  entering  these  apertures  pass  through 
the  wedges  and  the  compensating  plate,  respectively,  and  produce 
an  image  of  the  star  in  the  field  of  view.  When  adjusted  for 
coincidence  and  equality  of  path,  these  pencils  interfere  and 
produce  the  zero  fringes  which  cross  the  reference  image. 

The  interferometer  images  are  next  brought  into  the  field  of 
view  of  the  eyepiece  and  made  to  coincide  a  short  distance  from  the 
zero  star,  thus  forming  a  second  star  in  the  field  of  view.  Usually 
the  adjustment  of  the  mirrors  Mj,  and  M^  is  sufficient  to  do  this  and 
the  parallel  plate  compensator  is  used  only  for  differential  deflection 
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of  the  steel  beam.  As  soon  as  the  wedge  is  moved  to  equalize  the 
path-difference  in  the  interferometer  pencils,  the  zero  fringes  dis- 
appear and  count  is  made  of  the  turns  of  the  rod  required  to  bring 
the  interferometer  fringes  into  view.  The  mirror  M^  is  then 
moved  a  small  amount  to  compensate  for  this  difference,  and  after 
several  trials  both  sets  of  fringes  are  seen  in  the  field  of  view 
crossing  their  respective  images. 

Differential  refraction  between  air  and  glass  limits  the  amount 
by  which  the  effective  thickness  of  the  wedges  may  difi'er  from  that 
of  the  compensator,  but  interferometer  fringes  have  been  found 
with  the  wedge  20  mm  from  its  mean  position,  corresponding  to  a 
2-mm  difference  of  air  path. 

Fringes  were  obtained  with  this  apparatus  in  August,  1920,  with 
the  mirrors  Mi  and  M^  at  various  distances  apart,  and,  as  there  was 
no  appreciable  deterioration  in  their  \'isibility  at  18  feet  (5.49  m)  as 
compared  with  a  separation  of  6  feet  (i  .83  m),  it  seems  reasonable 
to  hope  that  this  distance  can  be  increased  to  50  feet  (15. 24  m)  or 
even  to  100  feet  (30.48  m).  Work  was  discontinued  after  this 
series  of  experiments  and  again  resumed  in  December,  1920. 

Although  provision  is  only  just  now  being  made  for  continuous 
alteration  of  the  distance  between  the  mirrors,  as  is  essential  in 
making  accurate  measurements,  it  was  nevertheless  decided  to 
attempt  a  measurement  of  the  angular  diameter  of  a  Orionis,  for 
the  calculations  of  Eddington,  Russell,  and  Shapley,  based  on 
estimates  of  apparent  surface  brightness,  had  indicated  that  this 
star  would  be  a  promising  subject  for  investigation. 

The  possibility  of  measuring  the  angular  diameter  of  a  distant 
object  by  interference  methods  depends  upon  the  following  consider- 
ations. 

Let  the  distribution  of  Hght  in  the  disk  be  represented  by 

r  being  the  distance  from  the  center,  R  the  radius  of  the  star,  n  the 
exponent  of  darkening  at  the  limb.  The  visibility  of  the  inter- 
ference bands  is 
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where 


C=  \  F{x)  cosikxdx,         S=  j  F{x)  sinkxdx, 


p=  fF(x)  dx, 


k  = 


2irb 
\d' 


in  which  b  is  the  distance  between  two  pencils  entering  the  inter- 
ferometer, X  the  mean  length  of  the  light-waves  of  the  source, 
and  d  the  distance  of  the  source.  F(x)dx  is  the  total  intensity  of  a 
strip  of  the  source  whose  width  is  dx.  For  a  symmetrical  source 
such  as  a  star  disk, 
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Fig.  4. — Distribution  of  light  in  various  sources 


If  the  illumination  is  uniform,  F{x)  =  v  R'  —  x'',  whence 


V= 


X 


V^R^—x^  cos  kxdx 


f} 


VR^-x^dx 


tables  for  which  have  been  computed  by  Airy. 

If  the  illumination  can  be  represented  as  a  function  of  the 
distance  from  the  center,  I={R^  —  r^Y,  then 
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V  R'-x' 


XVR' 
{R^-x'-y^Ydy 

which,  expanded  in  series  and  substituted  in  V,  gives 

XR  2«+I 

(R'-x")   2     coskxdx 


v=- 


I  {R'-x 


2»+I 

^)^~  dx 


This  integral  has  been  computed  under  the  direction  of  Pro- 
fessor Moulton,  the  results  being  summarized  in  the  accompanying 


>  V^  I  UCSof  X  — *•    zoo'    240°  zeo'  3Z0°  J6o°  400'  4-^'  480°  320°  SiO°   600'  640°   68O'  7Z0' 

RELATIVE  5EPARAT10/H  OFA\ie20e5 

Fig.  5. — Visibility-curves  for  various  sources 

table;  and  in  Figure  4  is  shown  the  distribution  of  light  in  the  source 
for  the  values  w  =  o,  \,  1,  and  2,  and  in  Figure  5  the  resulting 
visibility-curves. 

It  will  be  noted  that  for  n  =  o  the  first  disappearance  of  the 
fringes  occurs  at  ^  =  220°,  while  for  ^  =  0.5,  the  value  is  ^  =  257°. 
For  this  value  of  n,  the  corresponding  value  of  the  diameter  of 
Betelgeuse  would  be  about  17  per  cent  greater  than  given  below. 
(For  the  sun,  the  value  of  n  is  not  far  from  0.4.) 
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VALUES  OF 


F{,k,  n)  = 


cos  ^a;  J:c 


n  =  o 

«  =  o.s 

n  =  i 

n  =  2 

ife 

F(k,n) 

k 

F{k,n) 

k 

F{k,n) 

k 

F{k,n) 

0° 
100 
130 
160 
200 
230 
240 
280 
320 
360 
400 
440 
520 
600 

+  0.785 
+  0.507 
+  0.378 
+0.243 
+  0.065 

—  0.024 
-0.050 

—  0.  100 
-0.095 
-0.053 

—  0.007 
+0.036 
+  0.042 

—  O.OII 

0° 

30 

60 

90 
120 
150 
I  So 
210 
240 

257°27' 
270 
300 
330 
360 
390 
420 
450 
480 
510 
540 
570 
600 
630 

+  0.785 
+  0.765 
+  0.702 
+  0.607 
+0.490 
+0.363 
+0.238 
+0.127 
+0.038 
0.000 

—  0.024 
-0.057 
-0.068 
-0.059 

—  0 . 040 

—  0.016 
+  0.005 
+  0.019 
+0.028 
+  0.026 
+  0.019 
+0.009 

—  0.002 

0° 
40 
80 
120 
160 
200 
240 
280 
320 
360 
400 
440 
480 
520 
600 
640 
6S0 

+  0.785 
+0.746 
+0.663 
+0.536 
+0.383 
+  0.237 
+  0.  112 
+  0.024 

—  0.029 
-0.045 
-0.039 
— 0.C20 

—  O.OOI 
+  0.012 
+  0.015 
+  0.005 

—  0 . 004 

0° 
40 
80 
120 
160 
200 
240 
280 
320 
360 
400 
440 
480 
520 
560 
600 
680 
720 

+0.785 
+0.761 
+0.694 
+0.590 
+0.468 
+0.342 
+  0.  221 
+  0.123 
+  0.054 
+  0.003 

—  0.019 

—  0.024 

—  0.018 

—  0 . 006 

+  0.005 
+  0.005 
+  0.002 

While  it  may  be  too  much  to  expect  that  we  shall  be  able  to 
deduce  the  actual  distribution  of  the  light  in  the  source  from 
observations  of  the  visibility-curve  itself,  it  may  be  worth  while 
to  point  out  that  this  is  theoretically  possible;  and  perhaps  the 
case  will  not  be  entirely  hopeless  when  the  requisite  skill  in  making 
the  observations  has  been  obtained  by  practice. 

If  bx  and  62  are  the  distances  at  which  the  fringes  vanish  for  the 
first  and  second  times,  then  the  following  formula  will  give  a  fair 
approximation  to  the  value  of  n  in  the  light-curve: 

bx 


Or  again,  if  V^  is  the  visibihty  at  the  first  negative  maximum 
(that  at  6  =  0  being  unity). 


V, 


—  ?• 


0.7 
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It  will  be  seen  from  this  discussion  that  the  measurement 
sought  is  that  value  of  the  separation  of  the  outer  mirrors  M^  and 
M4  for  which  the  fringes  vanish.  This  corresponds  to  the  point 
where  the  graphs  (Fig.  5)  cross  the  horizontal  axis,  that  is,  for 
the  value  F{k,n)  =0.  A  preliminary  investigation  by  Merrill,  with 
the  apparatus  used  by  Anderson'  in  the  measurement  of  Capella, 
revealed  in  fact  a  definite  decrease  in  visibility  of  the  fringes  of 
a  Orionis  for  the  maximum  separation  of  the  slits  (100  inches). 
This  was  true,  moreover,  for  all  position  angles,  which  indicated 
that  the  star  is  not  a  binary  and  that  the  decrease  in  visibility  is  to 
be  attributed  to  a  measurable  diameter. 

On  December  13,  1920,  after  preliminary  settings  on  j3  Persei 
with  the  mirrors  separated  81  inches  (229  cm)  and  on  /3  Persei  and 
7  Orionis  with  a  separation  of  121  inches,  thus  insuring  that  the 
instrument  was  in  perfect  adjustment,  it  was  turned  on  a  Orionis 
and  fringes  across  the  interferometer  image  were  sought  for  some 
time,  but  could  not  be  found.  The  seeing  was  very  good,  and  the 
zero  fringes  could  be  picked  up  at  will. 

When  next  turned  on  a  Canis  Minoris  the  fringes  stood  out  on 
both  images  with  practically  no  adjustment  of  the  compensating 
wedge,  which  furnishes  a  check  on  the  disappearance  of  the  fringes 
for  a  Orionis. 

It  is  clear  from  these  observations  that  the  disappearance  of  the 
fringes  in  the  case  of  a  Orionis  cannot  have  been  due  to  any  dis- 
turbance of  the  mirrors  caused  by  changes  in  the  position  of  the 
telescope,  for  changes  such  as  those  here  involved  require  only  a 
few  turns  of  the  rod  controlling  the  compensating  wedge  to  coim- 
teract  differences  in  atmospheric  path  and  flexure  and  bring  the 
fringes  again  into  view.  There  is  therefore  no  chance  that  they 
were  simply  overlooked  in  the  case  of  a  Orionis. 

To  observe  the  recurrence  of  the  fringes  near  the  second  maxi- 
mum for  a  Orionis,  the  mirrors  were  next  separated  a  distance  of 
13  feet  and  the  telescope  turned  on  a  Canis  Minoris,  fringes  appear- 
ing across  both  star  images  as  soon  as  the  component  pencils  were 
brought  into  coincidence.  On  December  14  and  the  nights  follow- 
ing, the  seeing  was  very  poor,  the  visibility  of  standard  check  stars 

^  Ml.  Wilson  Contr.,  No.  185;  Astrophyskal  Journal,  51,  263,  1920. 
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being  decidedly  less  than  on  the  night  of  December  13;  conse- 
quently no  attempt  was  made  to  observe  the  second  maximum 
and  minimum  of  a  Orionis,  but  attention  was  turned  to  other 
stars,  and  settings  were  made  on  a  Ceti,  a  Tauri,  and  /3  Geminorum. 
The  zero  fringes  were  seen  in  every  case,  although  with  slightly 
decreased  visibility;  but  it  was  only  at  rare  intervals  of  better 
seeing  that  the  interferometer  fringes  could  be  seen  at  all.  From 
this  fact  it  is  presumed  that  there  was  an  actual  decrease  of  visi- 
bility for  these  stars  and  that  some  estimate  of  their  diameters  can 
be  made  with  the  20-foot  beam.  Observations  on  these  and  other 
objects  of  presumably  large  diameter  are  being  continued. 

Assuming  that  the  effective  wave-length  for  a  Orionis  is  X  5750, 
its  angular  diameter  from  the  formula  a  =  1.2  2  \/b  proves  to  be 
o''o47;  and  with  a  parallax'  of  o''oi8  its  linear  diameter  turns 
out  to  be  240X10^  miles,  or  slightly  less  than  that  of  the  orbit  of 
Mars.  This  value  corresponds  to  a  uniformly  illuminated  disk, 
while  for  one  darkened  at  the  limb,  this  result,  as  mentioned  above, 
would  be  increased  by  about  17  per  cent.  The  uncertainty  of  the 
measurement  of  the  angular  diameter  is  about  10  per  cent. 

Cordial  acknowledgment  is  tendered  to  Director  George  E. 
Hale  for  placing  the  resources  of  the  Observatory  at  our  disposal 
and  for  his  enthusiastic  co-operation  in  furthering  the  investigation. 

Mr.  J.  A.  Anderson  was  present  on  several  occasions  and  we  wish 
particularly  to  acknowledge  his  valuable  assistance  in  checking  the 
measures  on  December  13. 

Mount  Wilson  Observatory 
February  19 21 

'The  weighted  mean  of  Adams'  spectroscopic  parallax,  ofois,  and  the  trigono- 
metric values  of  Elkin,  o!'o30,  and  of  Schlesinger,  o''oi6. 


WAVE-LENGTHS  OF  LINES    IN  THE   IRON  ARC  FROM 

GRATING    AND    INTERFEROMETER 

MEASURES  X  3370-X  6750' 

By  CHARLES  E.  ST.  JOHN  and  HAROLD  D.  BABCOCK 

ABSTRACT 

Wave-lengths  of  iron-arc  lines  from  \3370  to  \6750;  grating  and  interferometer 
measurements. — To  avoid  errors  due  to  pole-effect  a  12-mm,  5-amp.  Pfund  arc  was 
used.  This  arc  has  also  the  advantage  of  yielding  very  sharp  lines.  To  eliminate 
instrumental  errors,  spectrograms  made  with  two  Michelson  and  three  Anderson 
gratings  and  with  four  pairs  of  interferometer  plates  were  compared.  Table  IH 
contains  the  mean  results  for  1026  lines,  of  which  976  were  measured  on  each  of  from 
I  to  62  grating  spectrograms  and  576  on  each  of  from  i  to  39  etalon  spectrograms. 
The  agreement  shown  indicates  that  for  most  of  the  lines  the  weighted  mean  wave- 
length is  accurate  to  0.061  A.  In  the  case  of  250  stable  lines,  the  agreement  with 
Bureau  of  Standards  measurements  is  good.  But  for  46  lines  of  groups  C5  and  d, 
the  Bureau  measurements  are  systematically  greater,  the  mean  difference  being 
0.007  A,  due  to  pole-effect  in  the  6-mm,  6-amp.  arc.  Of  78  International  Secondary 
Standards  measured  with  the  interferometer,  62  stable  lines  came  out  as  follows:  53 
within  ±0.001,  8  within  ±0.002,  2  within  ±0.003,  'ind  i  within  0.004  A  of  the 
adopted  values;  while  in  the  case  of  16  lines  belonging  to  groups  C5  and  d,  the  Inter- 
national values  are  systematically  greater,  the  mean  difference  being  0.007  A,  due 
to  pole-effect  in  the  arcs  used  in  the  original  determinations.  Evidently  these  sources 
had  the  same  order  of  pole-effect  as  the  6-mm,  6-amp.  arc.  Ghosts  and  reversals  gave 
the  same  wave-lengths  as  those  obtained  from  fine  lines  produced  in  the  core  of  a 
lean  arc.  A  comparison  of  readings  from  long  and  short  exposures  of  the  same 
lines  showed  no  intensity  effect  in  the  case  of  interferometer  measurements. 

Spectroscopic  measurements. — (i)  Method  of  reduction  of  interferometer  spectrograms. 
The  elimination  of  a  gauge  plate  over  the  slit  and  the  introduction  of  a  plate  constant, 
K\,  which  may  be  determined  from  measurements  of  the  ring  diameters  alone, 
greatly  reduce  the  labor  of  measurement  and  reduction,  without  decreasing  the 
precision.  (2)  Comparison  of  grating  and  interferometer.  The  advantages  and  dis- 
advantages of  each  are  discussed. 

I.      INTRODUCTION 

In  a  previous  paper^  we  discussed  the  influence  of  pole-effect  in 
the  iron  arc  upon  the  measurement  of  the  wave-lengths  of  certain 
lines  in  the  lists  of  adopted'  secondary  and  suggested  tertiary- 
standards.  It  was  shown  that  the  arc  6  mm  in  length,  carrying  a 
current  of  6  amperes,  adopted  at  the  Bonn  meeting  of  the  Inter- 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  202. 
'Ml.  Wilson  Contr.,  No.  137;   Astro  physical  Journal,  46,  138,  1917. 
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national  Union  for  Co-operation  in  Solar  Research,  gave  a  pole-effect 
of  -I-0.006  A  even  in  its  central  plane,  and  that  the  wave-lengths 
of  the  secondary  standards  belonging  to  groups  cs  and  d  were 
affected  to  approximately  the  same  amount.  This  has  been  con- 
firmed in  the  present  investigation. 

In  the  Report  of  the  Committee  on  Standards  of  Wave-Length 
adopted  at  the  Washington  meeting  of  the  American  Section  of 
the  International  Astronomical  Union^  the  source  to  be  used  in  the 
determination  of  iron  standards  of  wave-length  is  defined  as  "the 
Pfund  arc  operated  between  no  and  250  volts,  as  convenient, 
with  5  amperes  or  less,  at  a  length  of  12  miUimeters,  and  used 
over  a  central  zone  at  right  angles  to  the  axis  of  the  arc  not  to 
exceed  ij  millimeters  in  width."  Under  these  specifications 
the  iron  arc  yields  wave-lengths  that  appear  to  be  free  from  pole- 
effect  and  is  easily  workable  for  w^ave-lengths  shorter  than  6000  A. 
For  longer  wave-lengths  the  time  of  exposure  is  excessive  and 
pole-effect  is  not  entirely  eliminated. 

The  committee  also  recommended  that  independent  measure- 
ments be  made  with  the  grating  and  with  the  interferometer,  "  on  the 
ground  that  the  errors  of  these  two  instruments  are  largely  comple- 
mentary." In  the  determinations  carried  out  by  us,  both  methods 
have  been  employed. 

II.      APPARATUS    AND    METHODS 

The  apparatus  used  for  the  interference  observations  is  in  the 
main  the  same  as  that  described  in  a  previous  paper. ^  It  is  now 
permanently  installed  in  a  double-walled,  wooden  case  with  con- 
venient arrangements  for  projecting  the  hght  into  it.  Various 
etalons  have  been  used,  the  plates  being  either  of  fused  quartz  or 
glass,  and  the  separators  of  invar  or  fused  quartz.  The  thickness 
varied  from  2 .  5  mm  to  15  mm;  most  of  the  photographs  were  taken 
with  etalons  of  5,  7.5,  or  10  mm.  The  rings  were  projected  upon 
the  slit  by  a  concave  mirror  having  a  focal  length  of  633  mm.  No 
thermostat  was  used  in  connection  with  the  interference  apparatus, 
as  efficient  protection  from  temperature  changes  was  afforded  by 

'  Proceedings  of  the  National  Academy  of  Sciences,  6,  367,  igao. 

^  ML  Wilson  Contr.,  No.  137;  Astro  physical  Journal,  46,  138,  191 7. 
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the  housing.  On  the  longest  exposures  no  loss  of  definition  can 
be  observed,  and  the  results  from  these  plates  show  no  systematic 
deviations  from  those  yielded  by  short  exposures.  The  inter- 
ferometer plates  were  several  times  resilvered  by  cathodic  deposi- 
tion. On  account  of  the  different  ratio  between  its  reflection 
and  transmission  coefficients,  gold  was  occasionally  used  for  one  of 
the  reflecting  surfaces.  The  phase-change  corrections  have  been 
evaluated  in  the  usual  manner  by  plotting  the  differences  between 
observed  and  known  wave-lengths  for  the  standards  occurring 
upon  each  plate.  The  correction-curves  have  always  been  straight 
lines.  No  correction  for  atmospheric  dispersion  has  been  applied, 
since  the  standards  are  distributed  throughout  the  extent  of  each 
region  photographed. 

Careful  attention  has  been  given  throughout  the  investigation 
to  the  adjustment  of  each  part  of  the  apparatus,  and  no  difficulty 
has  been  experienced  from  mechanical  disturbances.  The  etalon 
was  so  located  with  respect  to  the  mirror  which  projects  the  rings 
upon  the  slit  as  to  bring  an  image  of  its  diaphragm  into  focus  upon 
the  grating,  in  accordance  with  the  remark  of  Buisson  and  Fabry 
in  their  important  paper. ^  Furthermore,  the  size  and  shape  of  the 
diaphragm  were  so  chosen  that  its  image  was  much  smaller  than 
the  grating,  and  the  slit-width  was  so  adjusted  that  diffraction 
never  widened  the  image  beyond  the  lateral  boundaries  of  the 
ruled  surface.  These  precautions  and  the  use  of  large  apertures 
in  the  projecting  systems  insured  uniform  illumination  upon  the 
photographic  plate  of  several  more  rings  for  each  line  than  were 
actually  used  for  measurement. 

As  indicated  in  the  paper  already  referred  to,  the  method  of 
reduction  employed  at  Mount  Wilson  for  interferometer  plates  is 
not  the  same  as  that  described  by  Buisson  and  Fabry,  Pfund,^ 
Burns,-'  and  others.  These  observers  derived  the  fractional  order 
of  interference  by  means  of  an  equation  of  the  form 

_pe^D^ 

•  Journal  dc  physique,  7,  169,  1908. 

'  Astrophysical  Journal,  28,  197,  1908. 
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where 

e  =  fractional  order  of  interference  for  the  ring  whose  hnear  diameter 

isD. 
0  =  angular  distance  of  standard  gauge  marks  in  front  of  the  slit,  as 

seen  from  lens  which  projects  the  rings  on  the  slit. 
L  =  linear   distance   of   photographed   gauge   marks   for    the    same 

spectral  hne. 
^  =  order  of  interference  at  center  of  ring  system. 

This  requires,  in  addition  to  the  photograph  of  the  interference 
pattern,  an  exposure  to  the  spectrum  with  the  etalon  removed  and 
the  gauge  plate  inserted  in  front  of  the  slit,  from  which  the  value  of 
L  is  obtained.  The  quantity  6  has  also  to  be  determined  from 
independent  observations. 

A  simple  transformation  of  this  equation,  however,  makes  pos- 
sible a  marked  saving  in  labor  and  offers  other  advantages  which 
are  referred  to  below.  If  we  define  by  m  the  magnification  of  the 
spectrograph  for  a  given  spectral  line,  and  let  F  be  the  focal  length 
of  the  lens  or  mirror  which  projects  the  rings  upon  the  slit,  it  is 
readily  seen  that  in  the  equation  above  d^L^  may  be  replaced  by 
i/fn^F^,  giving 

or  more  generally,  for  the  n"'  ring,  counting  the  innermost  as  the 
first, 

n  —  i-\-e  =  KDl , 

where  K  is  written  for  p/SF^m^.  It  is  evident  that  both  e  and  K 
may  be  determined  from  this  equation  if  two  diameters  are  meas- 
ured. For  any  two  consecutive  rings,  for  example  the  first  and 
second,  it  is  seen  that 

Dl-Dl 

An  increase  in  accuracy  may  be  obtained,  however,  if  the  condi- 
tion is  imposed  that  m  be  constant  for  all  spectrum  lines  upon  the 
plate.     If  e  is  the  thickness  of  the  etalon, 

A'X  =  .  ^^    -    '' 


SF'm''    8F^m^ 
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which  is  a  constant  for  the  plate  considered.  The  determination 
of  this  plate-constant  and  its  application  to  the  problem  will  be 
understood  from  a  description  of  the  procedure  followed. 

Two  measurements  in  reverse  directions  are  made  upon  the 
diameters  of  each  of  the  first  two  rings  for  every  line  upon  the  plate, 
except  when  the  fractional  order  of  interference  is  judged  to  be 
less  than  0.3,  in  which  case  the  measures  are  made  upon  the  second 
and  third  rings  instead.  The  two  observations  upon  each  diameter 
are  then  averaged,  and  the  rough  value  of  the  wave-length  is 
divided  by  the  difference  of  the  squares.  The  number  thus  derived, 
in  which  only  four  significant  figures  are  retained,  is  a  value  of  the 
plate-constant,  K\,  the  accuracy  of  which  is  then  increased  as 
desired  by  using  a  sufficient  number  of  lines.  The  refined  value 
of  the  plate-constant,  divided  by  the  rough  wave-length  and 
multiphed  by  the  square  of  a  ring  diameter,  yields  the  fractional 
order  directly.  The  two  fractional  orders  thus  obtained  from  the 
two  rings  measured  are  averaged  to  produce  the  final  fractional 
order.  In  practice  it  is  found  that  the  probable  error  of  a  single 
determination  of  the  plate-constant  is  about  0.6  per  cent,  from 
which  it  follows  that  the  mean  of  35  or  40  values  will  have  a  prob- 
able error  of  one  part  in  one  thousand,  the  accuracy  aimed  at  in 
these  measurements.  It  may  be  remarked  that  no  systematic 
difference  appeared  in  the  fractional  orders  yielded  by  individual 
rings  for  the  same  hne. 

The  assumption  of  constant  magnification  in  the  spectrograph 
over  the  field  used,  while  not  rigorously  true,  is  found  in  practice 
to  be  permissible  in  the  case  of  the  apparatus  employed  for  this 
work  and  also  for  a  plane-grating  spectrograph  of  the  Littrow 
tjT^e  having  a  glass  lens  of  18  feet  focal  length.  An  extreme  case 
is  found  in  a  quartz  spectrograph  wherein  the  normal  to  the  photo- 
graphic plate  stands  at  an  angle  of  65°  with  the  optical  axis  of  the 
camera  lens.  In  the  ultra-violet  the  magnification  for  this  instru- 
n;ient  varies  as  the  square  root  of  the  wave-length,  and  the  plate- 
constant  is  K\^  instead  of  A'X.  In  general  the  method  can  be 
apphed  without  difficulty  for  any  type  of  spectrograph  by  a  slight 
modification  of  the  procedure  described  above. 
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In  the  course  of  the  present  investigation  rnany  determinations 
of  the  plate-constants  have  been  made.  It  has  been  found  that  for 
the  same  adjustments  of  the  spectrograph,  K\  for  different  plates  is 
constant  within  the  errors  of  observation  when  the  etalon  is  the 
same,  and  that  etalons  of  different  thickness  give  plate-constants 
in  the  ratio  of  the  thicknesses,  as  indicated  by  the  equation  above. 

Furthermore,  it  may  be  pointed  out  that,  when  the  interference 
rings  are  projected  by  a  concave  mirror  upon  the  sHt  of  a  spectro- 
graph of  the  t>'pe  used  for  this  work,  it  is  easy  to  derive  a  funda- 
mental instrument-constant  from  which  the  plate-constant,  K\, 
may  be  obtained  directly  from  a  knowledge  of  the  setting  of  the 
spectrograph  camera.  As  indicated  above,  however,  the  practice 
followed  in  this  investigation  has  been  to  determine  A'X  from  each 
plate,  in  which  case  the  instrument-constant  serves  as  a  valuable 
check. 

An  application  of  the  laws  of  propagation  of  errors  to  the  two 
equations  stated  above  for  deriving  the  fractional  order  of  inter- 
ference shows  that  in  general  the  probable  error  of  e  is  larger  for 
the  method  of  Buisson  and  Fabry  than  for  the  Mount  Wilson 
method.  This  is  to  be  expected  from  the  fact  that  in  the  first 
method  auxiliary  quantities  6  and  L  must  be  observed,  the  effect 
of  whose  probable  errors  can  only  be  to  increase  the  probable 
error  of  the  result.  A  comparison  of  the  results  of  our  interfer- 
ometer measurements  with  those  of  other  observers,  as  well  as 
with  values  derived  from  gratings,  strengthens  the  conclusion  that 
the  method  used  by  us  for  deriving  fractional  orders  involves 
no  sacrifice  of  accuracy  as  compared  to  the  procedure  usually 
adopted.  Furthermore,  the  simplicity  and  directness  which 
characterize  the  new  method,  the  lessening  of  the  necessary  photo- 
graphic and  microscopic  observations,  and  the  additional  numerical 
checks  which  become  available  through  its  use  combine  to  lend 
it  weight  and  emphasize  its  value. 

In  the  region  X3370-X5662  the  interferometer  plates  were 
measured  and  reduced  for  the  most  part  by  two  observers  inde- 
pendently; the  weighted  means  of  their  results  are  given  in 
Table  I.  Over  the  region  of  longer  wave-lengths  most  of  the 
measuring  was  done  by  one  of  them,  but  nearly  all  of  the  lines 
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tabulated  were  measured  and  reduced  by  a  third  observer  upon 
a  selected  list  of  plates.  A  comparison  of  the  results  shows  that 
the  various  observers  are  in  excellent  agreement,  no  systematic 
differences  of  any  significance  being  found  between  them.  It  is 
probable  that  effects  dependent  upon  personal  equation  are  too 
small  to  influence  the  final  values. 

The  grating  measures  include  only  the  stable  lines  from  the  list 
pubhshed  by  St.  John  and  Ware/  but  cover  all  the  lines  in  the  two 
new  series  of  plates.  The  old  series  by  St.  John  and  Ware,  X  41 18- 
X  6500,  was  taken  with  the  30-foot  Littrow  spectrographs  on  Mount 
Wilson  and  in  Pasadena,  for  which  Michelson  plane  gratings  with 
available  ruled  surfaces  37X114  mm  were  used  in  the  second-order; 
scale,  0.88  A  per  mm.  In  the  new  laboratory  series  the  15-foot 
concave-grating  spectrograph^  was  used  in  the  third  order  for  the 
region  X3370-X4200.  The  grating,  made  by  Anderson,  has  a 
ruled  surface  50X106  mm;  scale  as  used,  1.25  A  per  mm.  From 
X  4100  to  X  5658  the  30-foot  Littrow  spectrograph  with  an  Anderson 
grating,  ruled  surface  63X72  mm,  was  used  in  the  second  order; 
scale,  0.88  A  per  mm.  The  new  mountain  series,  X  3600-X  5500, 
was  taken  with  the  30-foot  spectrograph  of  the  60-foot  tower  tele- 
scope. The  second  order  was  employed ;  scale,  o .  88  A  per  mm. 
The  grating,  ruled  surface  114  x160  mm,  was  made  by  Anderson 
and  loaned  by  the  Physical  Laboratory  of  the  Johns  Hopkins 
University. 

The  comparators  used  were  constructed  in  the  observatory 
shop;  the  screws  have  been  tested  and  found  satisfactory.  The 
standard  measuring  machines  have  screws  20  cm  long;  one  specially 
designed  machine  w^ith  a  screw  50  cm  long  furnished  an  excellent 
means  for  adjusting  the  reference  lines,  as  its  exceptionally  long 
range  allows  the  inclusion  of  many  standards  in  a  single  run  under 
constant  conditions. 

Two  methods  of  reducing  the  grating  data  have  been  used. 
In  one  the  interpolation  between  standards  was  made  from  a  curve 
whose  abscissae  are  the  mean  wave-lengths  of  adjacent  secondary 

^  Ml.  Wilson  Contr.,  No.  61;  Astrophysical  Journal,  36,  14,  191 2;  Ml.  Wilson 
Conlr.,  No.  75;   Aslrophysical  Journal,  39,  5,  1914. 

^  King,  Ml.  Wilson  Contr.,  No.  84;   Aslrophysical  Journal,  40,  205,  1914. 
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standards  and  whose  ordinates  are  the  scale-factors  for  the  inter- 
vals. In  the  other,  the  wave-lengths  were  calculated  from  an 
empirical  formula  derived  from  three  standards,  of  the  form 

\  =  a-{-bx-\-cx'. 

A  curve  of  corrections  was  obtained  for  the  deviations  of  the  other 
standards  from  the  calculated  values. 

III.   THE  REGIONS  OF  THE  SPECTRUM  COVERED 

The  interferometer  measures  extend  from  X3370  to  X  6750, 
The  grating  series  cover  the  regions  X  3370-X  5658  and  X  5975- 
X  6500.  The  gap  between  X  5658  and  X  5975,  owing  to  the  dearth 
of  suitable  standards  in  this  region,  is  too  wide  to  bridge  with  the 
grating.  In  both  the  grating  and  interferometer  series  all  measur- 
able lines  were  observed.  The  new  laboratory  series  of  grating 
plates  were  greatly  varied  in  exposure  time  in  order  to  obtain  a 
wide  range  of  line-intensity.  When  feasible,  measurements  were 
made  upon  lines  reversed  and  unreversed  and  also  upon  clearly 
determined  ghosts. 

IV.      SOURCES 

For  the  region  X  3370-X  6000  the  interferometer  photographs 
were  taken  from  a  horizontal  zone,  ij  mm  wide,  at  right  angles 
to  the  axis,  of  a  12-mm  Pfund  arc  carrying  5  amperes  or  less.  For 
the  region  X  6000-X  6750  the  integrated  light  of  a  somewhat 
shorter  Pfund  arc  was  used,  only  stable  lines  being  measured 
upon  the  plates. 

In  the  early  series  by  St.  John  and  Ware  no  particular  attention 
was  at  iSrst  given  to  the  character  of  the  arc,  whi^^  in  general  vv^as 
approximately  5  mm  long,  or  to  the  portion  from  which  the  light 
was  taken.  For  this  reason  only  the  wave-lengths  of  the  lines  not 
subject  to  pole-effect  are  retained.  In  the  new  grating  series  the 
wave-lengths  are  those  given  by  a  12-14-mm  arc  with  a  current  of 
5  amperes.  In  the  four  grating  series  the  wave-lengths  of  the 
stable  lines  are  in  excellent  agreement.  The  wave-lengths  of  the 
lines  showing  pole-effect  depend  only  upon  observations  made  on 
the  arc  recommended  bv  the  American  committee. 
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V.      RESULTS 

The  wave-lengths  with  related  data  are  entered  in  Table  I. 
The  third  column  gives  the  group  and  class.  When  both  group 
and  class  are  shown  the  allocation  is  taken  from  the  paper  by  Gale 
and  Adams.^  When  no  entry  appears,  the  Hne  is  practically  free 
from  pole-effect,  but  data  are  lacking  for  definite  classification. 
Groups  c$  and  d  contain  all  the  lines  with  recognized  positive 
pole-effect;  as  our  data  are  insufficient  to  differentiate  the  two 
groups,  the  lines  not  in  the  list  of  Gale  and  Adams  are  provisionally 
assigned  to  the  major  group  d.  Lines  with  a  negative  pole-eft'ect 
constitute  group  e.'^  An  interrogation  point  indicates  that  the 
evidence  for  grouping  is  contradictory.  "G"  and  "I''  relate  the 
remarks  to  grating  and  interferometer  respectively.  The  depend- 
ence of  the  wave-lengths  upon  direct  measurements,  ghosts,  or 
reversals  is  indicated  by  "direct,"  "g,"  and  "r"  in  the  correspond- 
ing combination.  The  other  symbols  are  those  suggested  by 
Burns^  and  recommended  in  the  Report  of  the  American  commit- 
tee.'' *'A"  indicates  a  probable  error  less  than  0.0007  A;  "B," 
0.0007  A-o. 001 2  A,  and  "C,"  that  the  determination  is  poor; 
"h"=hazy;  "1"  =  shaded  to  red;  "v"  =  shaded  to  violet. 

While  the  interferometer  spectrograms  were  under  the  micro- 
scope, weights  I,  2,  and  3  were  assigned  to  the  various  lines,  corre- 
sponding to  poor,  average,  or  excellent  quality.  This  furnished  the 
basis  for  combining  the  observations  and  also  for  grouping  the  final 
wave-lengths  into  three  classes  according  to  the  total  weights 
attached  to  them.  The  classes  A,  B,  and  C,  equivalent  to  those 
recommended  by  the  committee,  have  in  general  the  following 
limits  and  numbers  of  lines: 

A  =  weight  from  10  to  159;  number  of  lines  352. 
B  =  weight  from  4  to  9;  number  of  lines  11 1. 
C  =  weightfrom    i  to      3;  num.ber  of  lines  113. 

^  Mt.  Wilson  Contr.,  No.  58;  Astrophysical  Journal,  35,  10,  1912. 

*  St.  John  and  Ware,  Ml.  Wilson  Contr.,  No.  75,  p.  4;  Astrophysical  Journal,  39, 
8,  1914. 

3  Lick  Observatory  Bulletin,  8,  29,  1913. 

*  Proceedings  of  the  National  Academy  of  Sciences,  6,  367,  1920. 
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TABLE  I 
Wave-Lexgths  of  Lines  in  the  Iron  Arc  (X  3370-X  6750),  International  System 


Grating 


3370 
3378 
3379 
3380 
3382 

3383 
3383 
3392 
3392 
3394 

3396 
3399 
3401 
3402 

3404 

3406 
3406 

3407 
3410 

341 1 

3413 
341S 
3417 
3417 
3418 

3422 
3422 
3424 
3425 
3426 

3426 
3427 
3427 
3428 

3431 

3440 
3440 
3442 
3443 
3445 


409 

697 
982 

309 
656 

595 

980 
336 
520, 
262 
355 

442 
805 
464 
171 
355 

134 
537 

845 
508 

500 
658 
287 
013 
384 

638 
003 
123 
194 
816 

611 
993 

673 
881 
152 


Interfer- 
ometer 


987 

656' 
590 


337 
524 

351 


803 
462 


135 

274 
845 


665 


124 
197 


611 


879 
152 


Group 


Grating 


Plates 


3 

6 

8 

16 


6 
18 


16 


Proba- 
ble 
Error 


Interferometer 


Plates 


14 
6 


28 
13 


Proba- 
ble 
Error 


3 
4 

C 
B 

5 
6 

A 
A 

3 
3 

B 
C 

Remarks 


G,  h 

G,  V 

G,  direct,  g 


Diff.>  error 


G,v 


G,  direct,  | 
O  Fe,  Co 


Diff.>  error 
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Grating 


Interfer 
ometer 


Group 


Grating 


Plates 


Proba- 
ble 
Error 


Interferometer 


Plates 


Proba- 
ble 
Error 


Remarks 


3445 • 763 


3447 
3450 
3451 
3451 

3452 
3453 
3458 
3459 
3461 

3462 
3465 
3475 
3475 
3476 

3476 
3483 
3485 
3489 
3490 

3492 
3495 
3497 
3497 
3500 

3506 
3508 
3513 
3515 
3521 

3521 
3524 
3524 
3526 
3526 

3526 
3526 
3526 
3527 
3529 

3530 
3533 
3533 
3536 
3537 


282. 
2,33- 

917. 

278. 
023. 
305- 
915- 


866. 

455- 
652. 
707. 

854. 
cx>8. 
340. 
667. 


no. 

843. 
563- 


499-  • 
819.., 
264.. , 


834- 
076. 
240. 
040. 
168. 

378. 
466. 
674. 

793- 
821. 

386. 
009. 
199. 

559- 
492. 


■331 
.629 
.920 

.281 


•654 

■354 
.863 


706 


•345 
.675 
•576 

■959 
.289 
.  Ill 
■  843 


■501 
■495 
.820 
.056 
.264 


•798 
.824 


■559 


5 
6 

7 
6 

17 


6 

8 

10 


27 


27 


26 

5 

5 

I 

29 


30 
3 

31 


14 


O  FeCo 
G,  direct, 


G,l 

G,  direct, 


G,  1 


G,  V 

O  Fe-Co 
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Grating 


Interfer- 
ometer 


Group 


Grating 


Plates 


Proba- 
ble 
Error 


Interferometer 


Plates 


Proba- 
ble 
Error 


Remarks 


3537 
3537 
3540 
3540 
3541 

3542 
3543 
3545 
3547 
3549 

3552 
3553 
3554 
3554 
3556 

3558 
3559 
3565 
3565 
3568. 

3570. 

3571 

3573 

3575 

3575 

3575 
3576 
3581 
3581 
3582 

3583 
3584 
3584. 
3584. 
3585 

3585 
3586, 
3586. 
3587 
3587 

3588 
3589 
3589 
3594 
3599 


730- 
897. 
126. 
710. 


.080. 

670. 
,644. 

204. 


.837. 
744- 
122. 

931- 


522. 
507- 
383. 
584. 
978. 

103. 

893' 
250. 

375- 

,983. 
759- 
197. 

,646. 

202. 

338. 
664. 
791. 
961. 
320. 

709. 
114. 
987. 
425- 
753- 

919. 
109. 

455- 
636. 
627. 


.128 


.080 


.641 


•839 
•747 
.125; 


.518 


.381 


.  100 
•997 


.  196 

.201 


.665 


.322 
.710 
■987' 

.106 
'636' 


16 


17 

6 

16 


10 
6 


2 
20 
16 

4 


2 
22 


33 

A 

23 

A 

I 
2 

C 
C 

18 

A 

I 

C 

2 

C 

10 
I 

A 

C 

29 

A 

2 

C 

II 

A 

Diff .  >  error 

G,  1,  wgt  very  low;    I,  h 

G,  direct,  g;  diff. > error 

G,  h,  direct,  g 


G,  line  on  violet 


G,  r;  I,  r 


G,g 

G,  direct,  g 
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X 

Group 

Gr. 

ITING 

Interferometer 

Grating 

Interfer 
ometer 

Plates 

Proba- 
ble 
Error 

Plates 

Proba- 
ble 
Error 

Remarks 

3602 

-513 
.207 

I 
II 

c 

A 

3603.206 

3603.829..  .  . 

12 

3 

12 
12 

6 

13 
12 

I 
8 

I 
I 
8 
6 
12 

8 

6 

18 

15 
11 

A 
C 
C 
A 

A 
B 
A 
C 
A 

C 
C 
A 
A 
A 

A 
A 
B 
B 
B 

G  1 

3605.466.... 
3606.682.... 

3608.147..  .  . 

.460 
.682 

16 

28 

B 
A 

Difif.>  error;  I,  h 

3608.862.... 
3610.164.. .  . 
3610.704..  .  . 

.861 
.164 

bi 

24 
18 

A 
A 

G,  direct,  g 

3612.074...  . 
3612.941..  .  . 

•073 

4 

A 

3614.562.. .  . 

3616.573.. .  . 

3617.318..  .  . 

3617.790.... 
3618.393..  .  . 

.789 

9 

A 

3618.773.... 
3621.465.... 
3622.009..  .  . 
3623.190.... 

3625 

.770 
-463 
.009 
.188 

.148 
-354 

hi 

22 

13 
II 

5 

4 

I 

A 
A 
A 
A 

A 
C 

G,  g;  I,  r,  direct 

3630.353--- 
3631.104 

6 

II 

6 

8 

II 

3 
II 

3 
3 

23 
23 
II 

15 
15 

4 
19 
IS 
15 
15 

26 

18 

21 

6 

4 

A 
C 
B 
B 

B 
C 
B 
C 
C 

A 
A 
B 
A 
B 

B 
A 
B 
C 
A 

A 
A 
A 
A 
C 

3631.467.... 
3632.043.... 

3632.559 

.466 
-043 

bi 

22 
2 

A 
B 

G,  g;  I,  r 

3632.980.. .  . 

3634.336.. .  . 

3636.996.. .  . 

3637.863.... 

3638.300...  . 
3640.392...  . 
3643.628 

.300 
-392 

14 
21 

A 
A 

3645.823 

3647.428.. .  . 

3647-846...  . 
3649.305 

■845 

bi 

22 

A 

G,  r;  I,  r,  direct 

3649.509.... 
3650.032 

■511 

II 

A 

3650.281 

3651.471.... 
3655.468.... 
3659.520.... 
3664.541 

.470 
•463 
.520 

"d" 
d 

20 

2 

10 

A 
C 
A 

3667.265...  . 
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Grating 


3669.152. 
3669.524. 
3670. 

3674- 
3676.313. 

3677.310. 
3678.863. 
3679.916. 
3682.226. 
3683.059. 

3684.113. 
3686.002. 
3686.261. 
3687. lOI. 
3687.460. 

3687.657. 
3689.462. 
3690.731. 
3693.009. 
369s -OSS- 

3697.433. 
3698.613. 
3699.149. 
3701 .091. 
3702.033. 

3702.502. 
3703-558- 
3703.699. 
3703.826. 
3704.465. 

3705.568. 
3707.051. 
3709.251. 

3709-537- 
3711.227. 

3711  413- 
37I5-9I7- 
3716.449. 
3718.408. 
3719.939. 

3722.030. 
3722.564. 
3724.380. 
3725.500. 
3726.929. 


Interfer- 
ometer 


524 
072 
767 
315 


865 
916 
228 
059 

113 
001 


460 


463 
731 
009 
056 

433 


091 
037 


466 

568 

051 
250 


227 


914 

449 
410 

937 


56s 
380 


Group 


61 


bi 


Grating 


Plates 


19 


16 


24 
23 


15 


14 
18 
12 

19 

28 

16 

5 

2 

6 

14 

2 

9 
10 

9 
30 

17 
20 
26 

4 
20 


7 
29 
20 

23 


Proba- 
ble 
Error 


Interferometer 


Plates 


32 
II 

7 


32 


4 
14 


15 


30 

3 

30 


3 
II 


23 


31 
18 


Proba- 
ble 
Error 


Remarks 


G,  g,  r;  I,  r,  direct 


G,  g,  r 


G,  g,  r;  I,  r,  direct 


G,  r;  I,  r,  direct 

G,  direct,  g,  r;  I,  r,  direct 
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Grating 


3727 
3727 
3727 
3728 

3730 

3730 
3731 
3732 
3733 
3734 

3735 
3737 
3738 
3739 
3739 

3740 
3742 
3743 
3743 
3744 

3745 
3745 
3746 
3746 
3748 

3748 
3749 
3751 
3751 
3752 

3753 
3753 
3754 
3756 
3756 

3757- 
3758 
3760 
3760 
3761 

3763 
3765 
3767 
3768 

3773 


622 
811 
670, 


947 
377 
400 

319 
870, 


327 
135 
309 
122 

529 

248 
624 

365 
470 
108 

564 
902 

488 

933 
264 

971 
490, 
061 
822 
422 

156 
615 
508 
071 
942 

461 
238 
053 
534 
418 

791 
543 
195 

701 


Interfer- 
ometer 


623 


391 


375 
398 
321 
866 


134 
309 


250 
622 
366 


106 

562 
904 


264 


489 


614 


941 


236 
054 
536 


791 
543 
195 
032 


Group 


bi 


bi 


d 
d 
'bi 


ai 
ai 


e? 
ai 


e 
bi 


bi 


bi 
bi 
bi 


Grating 


Interferometer 


Plates 


10 

19 

3 

19 


13 
34 
25 
13 


10 
5 

41 
3 


38 
53 
2 
18 
49 

19 

44 

3 


25 
3 
3 


24 


51 
16 

50 


Proba- 
ble 
Error 


A 
A 
A 
C 
A 

A 
A 
A 
A 
A 

A 
A 
A 
B 
A 

B 
B 
A 
B 
A 

A 
A 
B 
A 
A 

A 
A 
C 
C 
'B 

C 
A 
B 
B 
A 

B 
A 
A 
B 
C 

A 
B 
A 


Plates 


30 


18 
28 
19 


25 
9 


32 
I 


14 
14 


23 


15 


26 

13 

28 


Proba- 
ble 
Error 


A 


Remarks 


G,g 


G,  direct,  g,  r;  I,  r,  direct 
Diff.>  error;  I,  r,  direct 


G,  g,  r;  I,  r,  direct 


G,  direct,  g 


G,  direct,  g 
G,  direct,  g,  r 


G,  direct,  g,  r;  I,  r,  direct 


G,  direct,  g,  r;  I,  r,  direct 


G,  direct,  g,  r;  I,  r,  direct 
G,  .524,  h,  V 


I,  r,  direct 

G, g  near 

G,  direct,  g,  r;  I,  r,  direct 
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Grating 


3774 
3775 
3776 
3777 
3777 

3778 
3778 
3779 
3781 
3781 

3782 
3782 
3782 
3785 
3785 

3786 
3786 
3787 
3787 
3789 

3789 
3789 
3790 
3790 
3790 

3791 
3792 
3793 
3793 
3794 

3795 
3795 
3797 
3797 
3798 

3799 
3801 
3801 
3801 
^02 

3804 
3805 
3806 
3806 
3807 


827... 
862.. 
458.. 
063.. 

450-- 


511- 
699. 


940.. 

124.. 
452.. 
610.. 
708.. 
950.. 

178.. 
679.. 
166.. 


180. 

430- 
572. 
095- 
658. 
758. 


506. . . 
158... 

480... 
874-.. 
342... 


006. . 

533- • 
518.., 

950-- 
5I5-- 


55r-- 
683.. 
806.. 
977-- 
285.. 

015.. 
346.. 
205.. 
700.. 
540. . 


Interfer 
ometer 


.827 


■458 


.  190 


■949 


.680 


.097 


■342 


.005 


•519 

■514 
■551 


•346 

.700 
■541 


Group 


bi 


bi 


Grating 


Plates 


30 


34 


32 

2 

33 
15 

2 

5 

33 

3 


3 

7 

9 

ir 

32 

57 
4 

37 
2 

62 

60 
17 

4 
4 
5 

5 
36 
19 
25 
32 


Proba- 
ble 
Error 


A 
C 
A 
C 
B 

A 
B 
C 
B 
C 

C 
C 
C 
C 
A 

C 
A 
C 
A 
A 

C 
C 
A 
C 
B 

C 
B 
B 
C 
A 

A 
C 
A 
C 
A 

A 
A 
C 
C 
C 

C 
A 
C 
A 
A 


Interferometer 


Plates 


4 
31 


16 


4 
27 

7 

29 

31 
2 


13 


Proba- 
ble 
Error 


Remarks 


G,l 


G,  direct,  r 


G,  direct,  r 

G,  direct,  g,  r 
G,  direct,  r 
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Grating 


3808.288 
3808.733 
3810.761 
3811.894 
3812.967 

3813.061 
3813.640 
3814- 527 
3815-843 
3816.342 

3820.430 
3821. 181 
3821.836 
3824.076 
3824.444 

3825.406 
3825.884 
3826.838 
3827.574 
3827.826 

3829.127 

3830.759 
3830.852 
3833-312 
3834.224 

3836.334 
3837-134 
3839.260 
3840.439 
3841.051 

3843 . 260 

3845-694 
4846.414 
3846.805 
3849.970 

3850.821 
3852.576 
3855  848 
3856.372 
3859.216 

3859-915 
3861.343 
3865.529 
3867.22: 
3871-752 


Interfer 
ometer 


Group 


733 


529 
843 


429 
183 


446 


826 


314 
225 

334 

259 
439 
052 

260 


971 

821 
576 

374 
215 

914 

527 
222 

751 


Gr-\ting 


Plates 


bl 


bl 
bl 

d 
"d 
bl 


4 

25 

25 

10 

37 


24 
24 
24 

53 

41 


3 
40 

3 
10 

28 

3 
3 
2 

39 
32 

25 

4 

23 

28 


26 

4 
12 
30 
32 

20 
32 
3 
28 
30 


31 
23 
14 


Proba- 
ble 
Error 


c 

A 
B 
C 
A 

C 
C 
A 
A 
A 

A 
A 
B 
B 
A 

C 
A 
C 
B 
A 

B 
B 
C 
A 
A 

A 
C 
A 
A 
A 

A 
C 
B 
A 
A 

A 
A 
C 
A 
A 

A 
B 
A 
A 
B 


Interferosceter 


Plates 


32 


23 


26 


24 


27 


9 
23 
23 

16 


12 
28 


21 
9 


29 

7 


32 


Proba- 
ble 
Error 


A 
A 
C 


Rejiarks 


G,  direct,  r 

G,  r;  I,  r,  direct 

G,  direct,  g,  r;  I,  r,  direct 

G,  r 

G,  g,  r;  I,  r,  direct 

G,  g,  r 

G,  g,  r;  I,  r,  direct 


G,  g,  r 

G,  direct,  g,  r 


G,  direct,  r 


G,  g,  r;  I,  r,  direct 
G,  direct,  g,  r 

I,  r,  direct 

G,  direct,  r 
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X 

Group 

Grating 

Interferometer 

Grating 

Interfer- 
ometer 

Plates 

Proba- 
ble 
Error 

Plates 

Proba- 
ble 
Error 

Remarks 

3872.506...  . 
3873.764...  . 
•?876 .04^. .  .  . 

•505 
-76s 

34 
21 

15 
26 

24 

II 

17 
24 
17 

27 

23 
16 
16 
10 

6 

I 
17 

5 
10 

2 

14 
6 

4 
16 

13 

12 

3 
16 

7 

A 
A 
A 
A 
B 

B 
B 
C 
C 
B 

B 
B 
C 
B 
B 

C 
B 
B 
B 
C 

B 
B 
A 
A 
C 

A 
C 
C 
B 

29 
8 

A 

A 

G,.  direct,  g,  r 

3878.023.... 
3878.576.... 

3883.284.... 
3884.363.... 
3885.512.... 
3886.286.... 
3887.052.... 

3888.518...  . 
^800.846. . .  . 

.022 
•575 

.284 
.358 
■514 
.285 
-05s 

.518 

"b"' 
b 

ai 
bi 

bi 

b 

b 

22 
20 

I 

3 

4 

20 

20 

29 

A 

A 

C 
C 
B 
A 
B 

A 

G,  direct,  r 

G,  direct,  g,  r;  I,  r,  direct 

G,  direct,  r;  I,  r,  direct 
G,  direct,  g,  r 

G,  direct,  g,  r 

3891.934.... 
3893.396.... 
■^So"?  .026.. . . 

.926 
.396 

3 
5 

B 
A 

Diff.  >  error 
G,  direct,  g 

■?8o4.oo7. . .  . 

3895.660...  . 
"^897  .4^1..  .  . 

.660 

ai 

30 

A 

^897.898 

b 
e 

ai 

■^800  .O'?0..  .  . 

3899.713.... 

^000.  t;2i. . . 

.710 

28 

A 

G,  direct,  g 

3902.948.... 
^00^  .004... . 

•950 

bi 

b 

ai 

21 

A 

G,g 

3906.486 

^006 . 7!;o. . . 

.484 

23 

A 

3907.466.. .  . 

3907.940.... 
•?Qoo  666. 

■936 

b 

6 

B 

3909 

3910.848...  . 
3913.637.... 
^916.7^7.. .  . 

-832 

.847 
.637 

b 

"b" 
b 

a 

2 

2 
5 

B 

C 
A 

8 
13 
14 
16 

14 

13 
14 
13 
II 

3 

II 
10 

15 
18 
10 

B 
A 
B 
A 
B 

B 
B 
A 
B 
C 

C 
B 
B 
B 
B 

3917.186...  . 
^918. ^21.. .  . 

.186 

6 

A 

3918 .420.. .  . 

3918.646.. .  . 

b 
b 

ai 
d 

ai 

b 

ai 

a 

d 

3919 .071. . .  . 

3920.262.. .  . 
3920.841. . .  . 

.260 

19 

A 

3922.915.... 
3925.648.. .  . 

.916 

17 

A 

3925.945.... 
3927.923...  . 
3928.087.. .  . 

•950 
•924 

5 
16 

C 
A 
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Grating 


3929.116. 
3929.210. 


3930 
3931 
3932 

3932 
3933 
3935 
3937 
3940 

3941 
3942 
3943 
3944 
3944 

3945 
3947 
3947 
3948 
3948 

3949 
3951 
3952 
3953 
3955 

3955 
3956 
3956 
3957 
3960 

3961 
3963 
3964 
3965 
3966 

3966 
3966 
3967 
3967 
3969 

3969 
3970 
3970 
3971 
3973 


301... 
124... 
630... 


919.. 

608.., 

817.., 

330.. 

883... 

285... 
445- ■• 
34I-.. 


121. 
004. 

535- 
107. 
780. 


958... 
168... 
607.. . 
158... 
354- •  • 


958. 
463- 
681. 
029. 


149... 
no. . , 
520.., 

5I3-- 
067.. . 

632.., 
826,., 
424.., 
966.., 
261.. , 

630.., 
264.. , 
393-- 
327.- 
657-. 


Interfer- 
ometer 


.300 


.631 


.817 
•332 


•444 


■958 
.  172 
.607 


•459 


.067 


•424 
.262 


•327 


Group 


h 
d 
h 

b 
b 
b 
b 
d 

b 
b 

64 
d 


hi 


Grating 


Plates 


3 
15 

5 
19 

6 

10 
4 


14 
15 


4 
8 
8 

14 

13 
2 

4 
6 

27 

5 
2 

3 
20 

5 


Proba- 
ble 
Error 


Interteromzter 


Plates 


16 
3 


Proba- 
ble 
Error 


Remarks 


G,  direct,  r 


G,  direct,  r 
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Grating 

3974-399---- 
3976.617...  . 
3976.867...  . 

3977 ■745--- • 
3981.776.... 

3983.963.... 
3985.395.... 
3986.178.... 
3989-861.... 
3990.381.... 

3994.119.... 
3995.201.... 
3995.998.... 
3996.970...  . 
3997.396.... 

3998.058.... 
4000.268.. .  . 
4000.468.. . . 
4001 .669.. .  . 
4003.766...  . 

4004 . 834. . . . 
4004.978.. .  . 
4005.247.... 
4006.316.. .  . 
4006.633.... 

4007.279.. . . 
4009.717.... 
4013.643... 
4013.824.... 
4014.536.... 

4017.157.... 
4018.284.. . . 
4021 .871.. .  . 
4024.  iir.. . . 
4024.738...  . 

4030.501.... 
4040.652...  . 
4044.618.. . . 
4045.816.. . . 
4051.925.... 

4052.314...  . 
4062.448.. .  . 
4063.288...  . 
4063 . 596. . .  . 
4066.983.. .  . 


Interfer- 
ometer 


.617 

•745 
•777 

.961 

;i78 


•  396 


•  059 


.666 


.247 


.717 


•536 
.158 
.872 

•735 


.615 
.817 


•447 

•599 
•983 


Group 


b4 
b 


b 

b" 

b 
d 
b 
b 
64 


b 
b 
b 

b 

b 

bi 

b 

b 


b 
bi 


b 
d 
bi 
b 


Grating 


Plates 

2 

7 
6 

14 
16 

15 

5 

ir 

5 

7 


5 

7 

14 

13 
2 


2 

2 

16 

7 


14 
14 


5 
14 


13 


Proba- 
ble 
Error 

c 

E 
C 
A 
B 

A 
C 
B 
C 
B 

C 
C 
B 
C 
A 

A 

C 

c 
c 

B 

C 
C 
B 
C 
C 

B 
B 
C 
C 
A 

B 
C 
A 
C 
C 

B 
C 
C 
B 
C 

C 
B 
B 
C 
B 


Interferometer 


Plates 


13 


9 

4 

12 


Proba- 
ble 
Error 


Reuarks 


G,  direct,  r 


G,  .807 g 


G,  .587 g 
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X 

Group 

Grating 

Interferometer 

Grating 

Interfer- 
ometer 

Plates 

Proba- 
ble 
Error 

Plates 

Proba- 
ble 
Error 

Remarks 

4067.276 

4067.987.... 
4070 

-275 
•985 
.768 

•743 

b 
b 

6 

7 

c 

B 

3 
3 

2 
10 

c 

B 
C 
A 

4071.740.... 
4074 . 796. . .  . 

bi 

6 
3 

2 

4 
2 
2 
3 

I 
2 
2 
7 

4 

7 
2 
2 
2 
7 

2 
6 
2 
2 
9 

2 
8 
2 
6 
2 

18 
3 

14 
3 
3 

I 
2 

3 
20 

3 

21 
6 

I 

19 
6 

C 
C 

C 
B 
C 
C 
C 

C 
C 
C 
B 
B 

B 
C 
C 
C 
C 

C 
C 
C 
C 
A 

C 
B 
C 
C 
C 

B 
C 
B 
B 
B 

C 
A 
B 
B 
B 

B 
B 
C 
A 
B 

G,  . 733  g 

4076.234..  .  . 

4076.638...  . 
4076.812..  .  . 

.638 

b 

7 

A 

G,  3057  4th  order  coincides 

4078.367..  .  . 

4079.850.. .  . 

b 
b 

4080.228.. .  . 

4082.127..  .  . 

4083.782..  .  . 

4084.501...  . 
4085.013..  .  . 

.500 

d 
b 

b 

I 

C 

4085.314..  .  . 

4089.227..  .  . 

4091.563..  .  . 

4092.289..  .  . 

4095.980.... 
4097.101..  .  . 

•975 

b 

10 

A 

4098.186.. .  . 
4100.750.... 
4101 .274..  .  . 

.184 

•744 

b 

"d" 
b 

7 
6 

A 
A 

4107.495.... 
4109.072..  .  . 

•494 

16 

A 

4109.812..  .  . 
4112.974.. .  . 

.808 

b 
d 
b 

13 

A 

Di£f.>  error 

4II4-454---- 
4114.959..  .  . 

•450 

II 

A 

4118.552...  . 
4120.215.... 
4121.810.. .  . 
4122.524...  . 
4123.750.. .  . 

•550 
.211 
.808 
-525 

b 
b 

"b" 

19 

7 
7 
7 

A 
A 
A 
B 

4125.624.. .  . 

d 

4125.886...  . 

4126.193.... 
4127.615.... 
4127.809 

.194 
.614 

b 

I 
12 

C 
A 

4132.061 

4132. 905-... 
4133-871 

•063 
.906 

bi 

b 

d 

64 

d 

17 
9 

A 
A 

4134-684.... 
4136.514 

.684 

18 

A 

WAVE-LENGTHS  OF  LINES  IN  THE  IRON  ARC 
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2»I 


Grating 


Interfer- 
ometer 


Group 


Grating 


Plates 


Proba- 
ble 
Error 


Interferometer 


Plates 


Proba- 
ble 
Error 


Remarks 


4137.006. 

4139 -QSS- 
4143.421. 
4143.872. 
4147.676. 

4149 ■374- 
4150.260. 

4152 ■173- 
4153 ■907- 
4154.111. 

4154 -SOS- 
4154-813. 
4156.805. 
4157-792. 
4158.801. 

4170.907. 
4171-6 
4172.128. 
4172.751. 
4173 •324- 


4173.928. 
4174.919. 
4175.642. 
4176.574. 
4I77-599. 

4181.760. 
4182.386. 
4184.897. 
4187.047. 
4187.804. 

4I9I-439. 
4191 .687. 
4195-340. 
4195-617. 
4196.220. 

4198.312. 
4198.647. 
4199.099. 
4200.932. 
4202.033. 

4203.988. 
4205.548. 
4206.704. 
4207.133. 
4208.612. 


.003 


.420 
.874 
.675 

•374 


.174 
-909 


•  504 
.815 
.804 
.788 
.800 

.906 


.642 
-572 
-599 

.760 


-045 
.805 

■438 

-.338 


.312 

.  lOI 

-034 

•990 

-703 
.132 


b 

bi 

b 


d 
b 
e 
bi 

b3 


17 


26 


16 


36 
16 


31 
I 

7 
7 
6 

6 
18 
43 


24 

4 

35 


3 

5 

31 

4 
37 

24 
2 
6 
7 
7 


B 
C 
A 
B 
A 

A 
C 
B 
A 
C 

A 
A 
A 
B 
B 

A 
C 
A 
B 
B 

B 
A 
A 
B 
B 

A 
A 
A 
A 
A 

A 

C 
A 
C 
C 

C 
C 
A 
C 
A 

A 
C 
B 
C 
B 


14 


14 
14 


13 
7 


17 


II 

A 

4 

B 

II 

A 

18 

A 

18 

12 

A 
A 

5 
5 

A 
B 

O  enh  Mn 


O  Fe-Mn 
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X 

Group 

Grating 

Interferometer 

Grating 

Interfer- 
ometer 

Plates 

Proba- 
ble 
Error 

Plates 

Proba- 
ble 
Error 

Rem.\rks 

4210.355.... 
4213.652...  . 

-352 
.652 

b 
b 

h 

d 

b 
b 
d 
e 
d 

b 
b 
d5 

13 
8 

4 
20 

9 

36 

7 

9 

22 

10 

7 

7 
10 

I 
I 

2 
10 

A 
B 
C 
A 
B 

A 
B 
B 
B 
B 

B 
B 
A 
C 
C 

C 
B 

9 

8 

A 
A 

DifJ.>  error 

4216.188...  . 
4217.554.... 

4219.367.... 

4220.348 

4222.222..  .  . 
4224.179.... 
4225.463.... 

/122C  oi;8. 

.188 
-552 

-367 
•350 
.221 
.177 
.462 

20 

4 

18 

I 

10 

7 

I 

A 
B 

A 
C 
A 
B 
C 

4226  428. 

4227.437.... 

4.220     ^I8..  .  . 

■436 

II 

A 

d? 
ds 

0  Mn-Fe 

4233.611...  . 

4235 

A2^7    i6a. 

.610 

•945 

II 
12 

A 
A 

2 
6 

10 

I 

3 

2 

10 

4 
10 

7 
12 
42 

5 
5 

I 
I 
8 

I 
I 

7 
6 

C 
B 

B 
C 
C 
C 
C 

C 
A 
B 
C 
A 

A 
B 
C 
C 
B 

C 
C 
B 
A 

A2^8    02Q. 

d? 

d 
a 

4238.818... . 
4239.849.... 

A2AO    11A. 

.819 
.849 

4 

I 

B 
C 

4.242     1X2,  .  . 

4245.264... . 
4246.092.  . 

.261 

b 

b 
d 
b 

b 

d 
a 

2 

B 

4247.436... . 

-434 

7 

A 

4250.128.. . . 
4250.792... . 

42S4.337---- 

A.2K8    ^22. 

.126 
•792 

-340 

7 
16 

3 

A 
A 

B 

Cr 

4258    621. 

A.2'^S    OiC8. 

e 

C2 

d 

4260.482..  .  . 
4264    211. 

.482 

15 

A 

4265  .  262..  .  . 

4266.970..  .  . 
4267.831.... 
4268 

4271.163...  . 

4271.766 

4274 

.971 
-832 
.746 

-159 
.766 
.802 

b 
b 
b 

d 
bi 

3 
3 

I 

5 

II 

2 

B 
B 
C 

C 
A 
B 

7 
33 

C 
B 

Cr 

4276.686. 

? 
? 

I 
I 

C 
C 

4278. 236. 
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Grating 


4279 
4282 
4285 
4288 
4290 

4290 
4291 
4294 
4298 
4299 

4302 
4304 
4305 
4307 
4309 

4315 
4321 
4325 
4327 
4337 

4338, 
4343 
4343 
4346, 
4348 

435 1 

4352 

4358. 

4367 

4367 

4369 
4373 
4375 
4383 
4387 

4388 

4389 

4390. 

4401 

4404 

4407 
4408. 
4409. 
4415 
4422 


866. 
408. 
448. 
150. 
384. 

872. 

465- 
130. 

044- 
243- 


554- 
454- 
908. 
038. 

090. 
80^!. 
766. 
103. 
052. 

262. 

259- 
701. 
560. 
941. 

551- 
739- 
508. 
582. 
908. 

776. 
563- 
934- 
550- 


414. 

247. 
955- 
295- 
755- 

715- 
420. 

125. 
128. 

573- 


Interfer 
ometer 


.408 
■449 


,130 
.042 

,242 

193 

■459 
.908 


.090 

.767 
,  lOI 
.052 


.560 


•551 
.740 
.506 
■584 


■777 
■567 
•934 
•550 
.900 

•415 
.246 

•957 

•755 

.716 
.420 

.128 
•573 


Group 


? 

bi 
b 


as 
b2 


b 
bi 

? 

bi 

'bi 
b 
bs 


b 

63 

b 

b 


b3 

«3 
bi 
b 

d? 

a 

b 

d 

bi 

C4 
C4 

? 

bi 
b3 


Grating 


Plates 


30 
6 


45 
3 

52 
6 

47 


6 

20 
6 

17 
6 

30 
5 

40 


7 

6 

6 

45 

24 
30 

I 

53 
40 


Proba- 
ble 
Error 

c 

A 
B 
C 
C 

C 
B 
C 
A 


Interferometer 


Plates 


20 
4 


19 
4 


19 


19 


26 


18 
32 


Proba- 
ble 
Error 


Remarks 


Fe,  Cr  ? 
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Grating 


4427 
4430 
4432 
4433 
4433 

4435 
4439 
4442 
4442 
4443 

4446 
4447 
4447 
4450 
4454 

4454 
4455 
4456 
4459 
4461 

4461 
4466 
4469 
4472 
4476 

4479 
4480 
4481 
4482 
4482 

4484 
4485 


4489 

4490 
4490 
4494 
4495 
4495 

4504 
4514 
4517 
4523 
4525 


314- 
621. 

574- 
225. 

795- 


I53--- 

885... 

345--- 
837... 
197... 


136.. 
723-- 
323-- 
386.. 


658.... 
035--- 
334- ■•  ■ 
123.... 
656.... 


992.. 
556.. 
386.. 
724.. 
026.. 


615. 
145- 
624. 


231.. 
681.. 

I43-- 
920.. 

745- • 

087.. 
776.. 
572.. 
569- ■ 
969.. 


192.. 

533- • 
406. . 
148.. 


Interfer- 
ometer 


•314 
.620 


■345 


.724 


.386 


•125 
.656 


■557 
■  384 


■  023 


174 
,260 


.229 
.682 


•744 
.087 


■570 


.191 
■532 

.  146 


Group 


03 
C4 


C4 


C4 


f4 
^3 

d 

64 

d 

64 


03 


C4 
d 


d? 


Grating 


Plates 


30 
35 

7 


9 
31 

9 

4 

32 

6 


3 

27 


3 
16 

4 
5 
3 


13 

3 

5 
40 


Proba- 
ble 
Error 


Interferometer 


Plates 


38 
34 


34 
32 


37 


39 
34 


37 


29 


14 
14 


13 

4 


38 


4 
22 


Proba- 
ble 
Error 


A/ 

A 
B 


Remarks 


Diff.>  error 


Probably  Mn 


Double  in  vacuum.  Cf. 
Astro  physical  Journal, 
44,  i?,'i,  1916. 


G,  too  close;    I,  meas.  at 
orders  22250,  32890 


I,  h 


O  Mn-Fe;   I,  fringes  poor 
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Grating 

4526.566. 
4528.622. 

4531  ■  155- 
4531-636. 
4537.680. 

4547  025. 
4547 • 853- 
4549 •473- 
4550.788. 

4552-548. 

4556.130. 
4556.942. 
4558. III. 
4560.099. 
4566.523. 

4574-728. 
4581.520. 
4583-838. 

4587-135- 
4592-658. 

4595-367- 
4696.069. 
4598.125. 
4600.940. 
4602.009. 

4602.947. 
4607.659. 
4611.289. 
4613.212. 
4614. 219. 

4618.768. 
4619.297. 
4625.057. 
4630.127. 
4632.917. 

4635.849. 
4637-516. 
4638.018. 

4643.471- 
4647.439. 

4654.504. 
4654-632. 
4661.541. 
4661 .9 78. 
4663.186. 


Interier 
ometer 


.620 


-853 

■547 
134 


,726 
•519 

^658 
-365 


-947 
-657 
.288 
,214 


297 
-055 
,128 
.918 


-513 
.019 
.471 
.440 

-504 
.629 


Group 


C4 

h 

d 


Grating 


Plates 


29 

28 


3 

3 

4 

13 


4 
5 

5 
5 

5 

3 

3 

18 


Proba- 
ble 
Error 

C 
A 
A 
A 
C 

B 
A 
B 
B 
B 

A 
C 
C 
C 
B 

B 
C 
B 
B 
A 

B 
B 
B 
C 
A 

A 
A 
A 
B 
C 

A 
A 
B 
A 
A 

B 
B 
A 
B 
A 

B 
C 
C 
A 
C 


Interferometer 


Plates 


29 
31 


28 
I 


39 

7 

14 


14 


4 
6 
6 

28 

6 
4 


Proba- 
ble 
Error 


O  Fe-Cr 
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X 

Gr.«ing         Interferometer 

Remarks 

Grating 

nterfer- 
ameter 

3roup 

Plates 

Proba- 
ble 
Error 

Proba- 
Plates         ble 
Error 

4667.462...  . 

4668.144 

4669. 177- ••  • 
4673.172...  • 
4678.856...- 

.461 

•145 
.177 
.171 
.854 

b 
d 

5 

5 

5 

5 

18 

2 
2 
3 

2 

3 
18 

I 
6 
7 

4 
6 

7 
5 

5 
6 

B 
A 
A 
A 
A 

C 
C 
C 
C 
C 

C 
A 
C 
C 
B 

C 
B 
B 
C 
A 

C 
B 

14 
lO 

2 

4 

25 

A 
A 
C 
B 
A 

I,  h 
I,  h 

4683.560 

4687.390..  .  . 

4609. 490- ■  ■  - 

4690. I49'  •  •  • 
4691.417  •  •  • 

.417 

"d" 

22 

A 

4700.174 

4701.055 

4704.962.... 

.960 

? 
d 

I 

C 

I,h 

4705.467..  .  . 
4707.283.... 

.283 

16 

A 

4707.490.. .  - 

d 

b 

4709.005.. .  . 
4710.288 

.288 

16 

C 

d 

4727.408..  .  . 
4728 

.558 

6 

B 

e 

I 
6 

9 
3 
9 

C 
C 

A 
C 
B 

4729.031.. .  - 

473I-4Q4--  •  ■ 
4733-598.--- 

.598 

a 

12 

A 

4734- 103.. .  . 

4735-849 

4736.782.... 

.782 

d 

7          B 
4          C 

20 

A 

4737-636.. .  . 

4 
3 
9 
4 

7 

2 
7 
3 
28 
6 

22 
I 
2 
I 
I 

B 
C 
A 
B 
A 

C 
A 
C 
A 
B 

A 
C 
C 
C 
C 

4740.346..  . 

4741 .084.. . 
4741.534... 
4745-807-- • 

.535 
.809 

b 
b 

8 
6 

A 
A 

4757-585--  • 

4771-705--  • 
4772.818... 

.819 

b 

•    4 

B 

4779-447--  - 
4786.813.-. 

.      .812 

b 

12 

A 

4789.656.. . 

.      -655 

b 

15 

A 

4832- 737-  • 

403*^ -522..  . 

i 
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Grating 


4839. 

4843 

4855 

485Q 

4863 

4871 
4872 
4878 
4881 


4903 

4909 
4910. 
4910. 
4910 
4918 

4920. 
4924 
4938. 
4939 
4939 

4946. 
4950 
4957 
4957 
4966 

4967 
4969 

4973 
4978, 


552. 
158. 
686. 

750- 
656. 

327- 
145- 
220. 
729. 
154. 

•438. 
■338. 
,764. 

•503- 
•319- 

390- 
030. 

331- 
573- 


4983 
4983 
4985 
4985 


4991 
4994 
5001 
5002 
5005 


510. 
776. 
820. 
247. 
690. 

396. 
"S- 
305- 
603. 
097. 

902. 

930- 
III. 
609. 
510. 

261. 
858. 
264. 
556.. 
966. 

280., 
135- 
873-. 

,802., 
722., 


Interfer- 
ometer 


750 


■327 
•147 
.220 


.765 


•319 


.001 

•513 

■775 
.823 

.692 
•398 

.605 
.099 


Group 


C5 


.136 
•873 

.722 


C5 
C5 
C5 


C5 

d 

? 
? 
? 

? 

C5 

b 
d 
? 


d 
d 

d 

e 
d 
d 
d 
d 

d 
d 
d 
d 
d 


Grating 


Plates 


16 
5 


50 


Proba- 
ble 
Error 

c 
c 
c 

A 
C 

B 
A 
A 
C 
C 

B 
C 
B 
C 
A 

C 
C 
C 
C 
C 

B 
A 
B 
C 
B 

C 
C 
C 
C 
B 

C 
C 
C 
C 
B 

B 
B 
B 
C 
C 

C 
A 
B 
C 
A 


Interferometer 


Plates 


16 


23 


23 
20 


21 

23 
2 

5 


Proba- 
ble 
Error 


Remarks 


I,  fringes  poor 
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Grating 


Interfer- 
ometer 


Group 


Grating 


Plates 


Proba- 
ble 
Error 


iNTERFEROiTETER 


Plates 


Proba- 
ble 
Error 


Remarks 


5006. 129 
5007.291 
5012.074 
5014-952 
5018.440. 

5022.247 
5027.138 
5028.131 
5041.076 
5041.761 

5049  82 7 
5051.640 
5065.022 
5068.776 
5074 -759 

5079.228 
5079.744 
5083.344 
5097.000 


5107-454 
5107.647 
S110.415 

5123-727 
5125.132 

5127.367 
5131-477 
5133-696 
5137-390 
5139.262 

5139-470 
5142-543 
5142.935 
5150.846 
5151.918 

5162 .290 

5165.424 
5166. 289 
5167.492 
5168.904 

5171.601 
5191.461 

5192-351 
5194.946 

5195-479 


128 


074 
953 


245 


077 
760 

827 
640 


343 


416 
725 
131 

365 

692 


933 
844 
916 
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492 
902 

600 
463 
351 
946 


6 

4 

7 

24 

31 

30 

32 
I 
4 
4 

19 
23 

17 

I 

42 


18 


21 
2 
4 
3 


30 
18 


31 
5 


23 
3 


14 


26 


Pole-effect  extreme;  I. 
fringes  poor 


Pole-effect  extreme;   I, 
fringes  poor 
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X 

Group 

Grating 

Interferometer 

Grating 

Interfer- 
ometer 

Plates 

Proba- 
ble 
Error 

Plates 

Proba- 
ble 
Error 

Remarks 

5198.713.... 

.716 

a 

4 

B 

4 

B 

5202.340..  .  . 

-341 

a 

38 

A 

7 

A 

5204.582..  .  . 

.586 

a 

2 

C 

I 

C 

Fe,  Cr? 

5208.601..  .  . 

.605 

d 

4 

B 

3 

C 

5215. 187..  .  . 

d 

4 

B 

5216.280..  .  . 

.280 

a 

35 

A 

3 

B 

5217.397..  .  . 

d 

4 

c 

5226.870..  .  . 

d 
«4 

4 
36 

B 
A 

5227.192...  . 

.194 

"s" 

k 

5229.859..  .  . 

d 

4 
4 

c 

5232.946.... 

■949 

dS 

B 

21 

A 

5242.497...  . 

.496 

a 

17 

B 

3 

B 

5250.652...-. 

.652 

15 

A 

3 

B 

5263.316...  . 

.316 

d" 

4 

A 

I 

C 

i;266.03^.. .  . 

d 

3 
13 

A 

0                            vJvJ 

5266.562.. . . 

-564 

ds 

C 

19 

A 

5269.540... . 

•541 

ai 

54 

A 

14 

A 

5270.360... . 

.362 

04 

4 

B 

19 

A 

5273 .381.. .  . 

h 

I 

c 

5281.800 — 

.800 

d 

4 

B 

7 

A  " 

5283.627.... 

.629 

d 

4 

B 

9 

A 

5302 

.308 

d 

5 
3 

22 

A 

5307 

.367 

a 

B 

5324.186.... 

.188 

d5 

4 

"c  " 

A 

5328.044... . 

•044 

ai 

4 

A 

15 

A 

5328.537.... 

•535 

04 

4 

B 

II 

A 

I,  fringes  poor 

5329.996.. .  . 

a 

I 

c 

5332.906.... 

.904 

«4 

15 

C 

3 

"b  ' 

5339-938.... 

•939 

^5 

3 

B 

6 

A 

5341.029... . 

.027 

04 

4 

B 

17 

A 

5364.881 

e 

3 
3 
3 

B 

<;^6^  .40';. . .  . 

a 

B 

JO       0       T-^J* 
5367.475.... 

•475 

e 

C 

7 

"b"" 

5369.976.... 

.967 

e 

3 

B 

8 

B 

Diff.>  error 

5371.495.... 

•494 

ai 

20 

A 

18 

A 

KXTQ  .  K,?>2.  . 

a 

I 

c 

JO / y ■ 0         '  ■  • 
5383.378.... 

•376 

e 

3 

C 

15 

"b" 

5393.179.... 

.176 

ds 

3 

B 

8 

A 

5397.136.... 

■133 

«4 

4 

B 

31 

A 

5400.512...  . 

•510 

e 

3 

C 

I 

C 

5404.149...  . 

.144 

e 

3 

B 

15 

B 

Diff.>  error 

5405.780.... 

.780 

(Z4 

20 

A 

30 

A 

5410.918..  .  . 

.916 

e 

3 

B 

13 

B 

5415.208...  . 

.  204 

e 

3 

B 

15 

B 

5424.071.... 

.072 

e 

3 

B 

16 

B 
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Grating 


5429.702.. 
5434.529.. 
5445.048.. 
5446.920.. 
5455.616.. 

5462.972.. 
5463 . 284. 
5466 . 406. 
5473-912. 
5476.300. 

5476.573- 
5497-522. 
5501.470. 
5506.784. 
5S35-4I9- 

5543 • 93°- 
5554.894. 
5563.605. 
5565-708. 
5569.627. 

5572-849- 
5576.095. 
5586.765- 


Interfer- 
ometer 


.701 
.528 
.046 
.921 
.615 


.909 


-574 
-521 
.470 

-783 


.893 


.627 

.851 
.098 

.765 


Group 


5598.305.... 

.302 

e 

5602.955... . 

■955 

ds 

56IS-653---- 

.653 

d5 

5624.548...  . 

■551 

d5 

5638.269...  . 

.269 

ds 

5658.826...  . 

.826 

ds 

5662 

-523 

d 

5701 

•553 

? 

5731 

.771 

5752 

■  043 

? 

5753 

.136 

d 

5775 

.090 

d 

5956 

.702 

b 

5975 ■354.- -- 

■  3.S6 

b4 

6027.059 

.058 

b4 

6042 

.092 

e 

6065.492... . 

.491 

b4 

6127.912.. .  . 

•915 

b 

6136.625.. .  . 

.623 

64 

61  •?6  000. . .  . 

b 

6137.701... . 

-703 

b4 

6157.731.... 

■  736 

b4 

04 

04 
e 

04 
04 

e 
e 
d 
d 
04 

ds 
as 
as 
as 
04. 

d 
e 
d 
e 
ds 

ds 
ds 
ds 


Grating 


Interferometer 


Plates 


20 
20 

3 
44 

4 

3 
3 


3 
48 


24 


35 
35 

35 

31 
40 
26 
20 
31 


Proba- 
ble 
Error 


A 
A 
C 
A 
C 

C 
C 
C 
C 
C 

A 
A 
A 
A 
A 

C 
C 
C 
B 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 


Plates 


32 
3 


Proba- 
ble 
Error 


26 


24 


4 
13 


22 
10 


c 

A 

A 
A 
A 
C 
A 

A 
A 
C 
A 
B 

C 
C 
C 
B 
C 

C 
C 
A 
B 
A 

B 
A 

A 
A 


Rem.\rks 


Diff .  >  error 
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Grating 


Interfer- 
ometer 


Group 


Grating 


Plates 


Proba- 
ble 
Error 


Interferometer 

Proba- 

Plates 

ble 

Error 

3 

B 

10 

A 

22 

A 

8 

A 

18 

A 

3 

B 

20 

A 

20 

A 

2 

C 

21 

A 

20 

A 

17 

A 

20 

A 

4 

B 

9 

A 

3 

C 

16 

B 

I 

C 

22 

A 

II 

B 

22 

A 

4 

B 

9 

A 

7 

B 

3 

C 

2 

A 

21 

A 

20 

A 

7 

B 

I 

C 

3 

B 

23 

A 

3 

B 

22 

A 

2 

C 

2 

C 

20 

A 

3 

B 

II 

A 

21 

A 

4 

B 

Remarks 


6165.366. 
6173-342. 
6191 .568. 
6200.322. 
6213.438. 

6215. 

6219.2 

6230.734. 

6240. 

6252.568. 

6254.268. 
6256. 

6265.145. 

6270. 

6280. 

6290. 

6297.801. 

6315-312. 

6318.028. 

6322.694. 

6335-341. 
6344- 159. 
6355-039. 
6358. 
6380. 

6393.612. 

6421.363. 

6430.859. 

6462. 

6469. 

6475- 

6494.993. 

6518. 

6546. 

6569. 

6575- 
6592. 
6609. 
6663. 
6678. 

6750. 


366 
344 
568 
324 

440 
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734 
656 
566 

267 
373 
145 
238 
627 

975 
807 

319 
029 


344 
162 
042 
701 

755 

612 
361 
859 

738 
220 

641 
994 
383 
253 
236 

030 
927 
125 
457 
003 

166 


b 

64 

64 

^4 

64 

bA 
b4 
b4 

7 

64 

b4 
b 

h4 
b 


b4 
b 

b4 
b 

64 

b 

b 


b4 
b 

b4 
b 

? 

b 

bA 

b 

b 


b 
b 
b 
b 
bA 


36 
38 

40 
30 
40 


40 
36 
40 

40 

40 

8 

16 


40 
30 
40 


40 


51 
40 

A 
A 

40 
40 

A 
A 

40 

A 

DifT.>  error 
Diff.>  error 

Diff.>  error 

Diff.>  error 
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VI.  DISCUSSION 
a)  Agreement  with  standards. — Eighty-three  secondary  stand- 
ards were  measured  with  the  interferometer,  of  which  64  belong 
to  groups  of  stable  lines  and  19  to  groups  C5  and  d.  For  the 
64  stable  lines  the  differences,  secondary  standards  minus  Mount 
Wilson,  are  as  follows: 

0.000 A  for  24  lines;    ±o.ooiA  for  29;    =to.oo2A  for  8;    ±o.oo3Afor2; 
-I-0.004A  for  X4076. 

The  sum  of  the  positive  differences  is  +0.030  A,  of  the  negative 
differences  A  —0.025.  For  the  19  standards  of  groups  <:5  and  d 
the  mean  difference,  secondary  standards  minus  ]\Iount  Wilson, 
is  -f-0.007  A,  a  difference  due  to  pole-effect  in  the  sources  used  in 
the  original  determinations  of  the  secondary  standards.  It  is 
unfortunate  that  such  differences  are  involved  in  the  adopted 
secondaries.  It  will  lead  to  a  series  of  iron  standards  and  a  series 
of  iron  wave-lengths  differing  from  each  other,  unless  revised  values 
based  on  a  source  measurably  free  from  pole-effect  are  soon  substi- 
tuted for  those  adopted. 

h)  Questioned  standards. — Questions  have  been  raised  by 
different  observers  about  the  lines  in  the  subjoined  list.  The 
difficulties  encountered  are  in  the  majority  of  cases  due  to  the 
characteristics  of  the  6-mm,  6-amp.  arc  which  does  not  produce 
these  lines  line  and  sharp  enough  for  satisfactory  measurement  with 
the  interferometer.  With  the  exception  of  X3556  and  X  4076  for 
which  the  adverse  criticism  is  general  and  apparently  justified  by 
the  character  of  the  lines  or  of  their  immediate  surroundings, 
these  lines  are  measurable  with  high  precision  in  the  12-mm, 
5-amp.  arc,  as  they  then  permit  the  use  of  a  satisfactory  order  of 
interference. 

c)  Ghosts  and  reversals.—TYie  long  exposures  used  in  the  grating 
series  to  obtain  the  weak  lines  brought  out  ghosts  of  the  very 
strong  lines.  These  were  measured  and  the  wave-lengths  of  the 
lines  calculated  from  the  positions  of  the  ghosts,  and  when  possible 
settings  were  made  upon  the  primary  line,  ''  direct  measure."  The 
gratings  were  made  on  the  Rowland  ruling  engine,  whose  spacing 
wheel  has  750  teeth.     All  reversals  were  measured  and  for  some 
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lines  the  wave-lengths  were  found  in  all  three  ways.  The  wave- 
lengths from  these  separate  determinations  have  been  compared 
with  the  Mount  Wilson  interferometer  wave-lengths,  obtained  from 


Remarks 

Authority 

>^35i3 

Not  sharp  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 
Discrepancy  of  0.006  A 

Bureau  of  Standards 
Mount  Wilson 
Viefhaus* 

>^3556 

Little  wgt.,  poor  in  6-mm,  6-amp.  arc 
Low  wgt.,  p.e.  large,  shaded  to  red 
Meas.  difficult,  weak  line  to  violet 
Companion  to  red  and  violet 

Bureau  of  Standards 
Mount  Wilson 
Viefhaus 
Goosf 

^3677 

Poor  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X3850 

Not  sharp  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X3865 

Very  poor  in  6-mm,  6-amp.  arc 
Broad  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 

Goos 

Mount  Wilson 

X  3906 

Very  poor  in  6-mm,  6-amp.  arc 
Very  discordant  in  grating  measures 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X  4076 

Ver\'  poor  in  6-mm,  6-amp.  arc 
Poor,  X  3057  4th  order  coincides  in  3d 
Difficult,  shaded  to  violet  and  red 

Bureau  of  Standards 
]Mount  Wilson 
Viefhaus 

X  4191 

Very  poor  in  6-mm,  6-amp.  arc 
d  line  good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X4233 

Ver\'  poor  in  6-mm,  6-amp.  arc 
d  line  good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X4736 

No  wgt.  in  6-mm,  6-amp.  arc 
d  line  good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

XS167 

Poor  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X5266 

0 .  003  A  >  international  value,  6-mm,  6-amp.  arc 
d  line  good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

X5371 

Not  sharp  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

^6678 

No  wgt.  in  6-mm,  6-amp.  arc 
Good  in  12-mm,  5-amp.  arc 

Bureau  of  Standards 
Mount  Wilson 

*  Zeitschrift  fiir  wissenschaftliche  Plwlographie,  13,  209,  245,  1914. 
^  Astronomische  Nachrichten,  199,  a,  1914. 
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weaker  exposures  upon  the  center  of  a  somewhat  leaner  arc  giving 
very  fine  lines.  The  results  of  the  comparisons  for  some  threescore 
lines  are :  mean  difference,  ghosts  minus  interferometer,  —  o .  0004  A, 
reversals  minus  interferometer,  —0.0002  A,  "direct  measures" 
wmw5  interferometer,  +0.0020  A. 

From  the  close  agreement  of  the  wave-lengths  given  by  reversals 
and  ghosts  with  those  from  the  interferometer  it  is  evident  that  the 
reversals  and  ghosts  correspond  to  the  lines  when  produced  in 
the  core  of  a  lean  arc  and  hence  that  the  absorbing  centers  in  the 
cooler  outer  vapor  producing  the  reversals  have  the  same  period 
as  the  emitting  centers  in  the  core  of  the  arc,  and  that  the  maximum 
of  the  line,  to  which  the  ghosts  correspond,  is  not  displaced  by 
the  strong  exposure.  The  excess  of  0.002  A  given  by  the  direct 
measures  indicates  a  slight  unsymmetrical  widening  for  such  over- 
exposed lines,  in  general  toward  the  red.  This  characteristic 
renders  them  of  doubtful  utility  as  standards  when  unreversed, 
unless  produced  in  a  lean  arc.  As  under  special  circumstances 
strong  lines  only  may  be  available  for  reference,  the  reliability 
of  the  wave-lengths  given  by  ghosts  or  reversals  may  prove  useful. 

VII.      COMP.\RISONS   WITH   BUREAU   OF   STANDARDS 

(z)  Stable  lines  as  a  whole. — Approximately  250  stable  lines  are 
common  to  the  interferometer  measures'  of  the  Bureau  of  Standards 
and  the  Mount  Wilson  lists.  For  the  Mount  Wilson  interferometer 
measures  minus  the  Bureau  of  Standards,  the  sum  of  the  positive 
differences  is  +0.187  A,  the  sum  of  the  negative  differences 
—0.162  A,  the  mean  difference  ±0.0014  A,  the  systematic  differ- 
ence +0.0001  A.  For  the  Mount  Wilson  grating  measures  minus 
the  Bureau  of  Standards,  the  sum  of  the  positive  differences  is 
+0.202  A,  the  sum  of  the  negative  differences  —0.184  A,  the 
mean  difference  ±0.0015  A,  and  the  systematic  difference  again 
+0.0001  A. 

h)  Stable  lines  by  spectral  regions. — From  Table  II  it  is  seen  that 
for  the  interferometer  measures  there  is  good  agreement  except 
in  the  region  to  the  red  of  X  6200.  Here  the  Mount  Wilson  wave- 
lengths average  o.ooi  A  longer  than  the  measures  of  the  Bureau  of 

'  Bums,  Meggers,  and  Merrill,  Bulletin  of  the  Bureau  of  Standards,  13,  245,  1916. 
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Standards.  This  lack  of  agreement  probably  arises  from  the 
paucity  of  standards  in  the  orange-red  region  and  slight  variations 
in  drawing  the  correction-curves. 

The  Mount  Wilson  grating  wave-lengths  appear  to  be  system- 
atically too  small  for  the  region  X  3373-X  3500  compared  with 
both  interferometer  series.  This,  however,  is  due  to  the  inclusion 
of  a  few  lines  showing  large  negative  differences;  and  whenever 
the  systematic  difference  approximates  o.ooi  A,  it  would  fall 
well  below  that  limit  by  omitting  two  or  three  lines  of  low  weight. 

c)  Unstable  lines  of  groups  c^  and  d. — There  are  46  lines  of 
groups  c$  and  d  common  to  the  Bureau  of  Standards  and  Mount 
Wilson  interferometer  series.  For  these  the  Bureau  of  Standards 
wave-lengths  obtained  with  the  central  zone  of  the  6-mm,  6-amp. 
arc  adopted  at  Bonn'  are  systematically  longer  than  those  made 
with  the  central  zone  of  a  12-mm,  5-amp.  arc.  The  average 
difference  Bureau  of  Standards  minus  Mount  Wilson  is  -fo.007  A. 
There  are  34  other  lines  of  the  same  groups  common  to  the  Mount 
Wilson  interferometer  series  and  the  grating  measures  by  Burns.^ 
For  these  lines  the  average  difference  Burns  minus  Mount  Wilson 
is  +0.008  A.  From  this  it  appears  that  the  source  adopted  at 
Bonn  exhibits  nearly  the  same  degree  of  pole-effect  as  the  arc  used 
originally  by  Burns.  In  their  paper  Burns,  Meggers,  and  Merrill 
say:  ''The  region  X  3500  A  to  X  4200  A  was  observed  with  both 
4  and  6  amperes,  but  no  differences  in  wave-length  were  detected 
as  a  result  of  the  increased  current  strength."-'  Unfortunately  for 
such  a  test,  unstable  lines  are  relatively  rare  in  this  region,  and 
they  observed  only  one  such  line,  viz.,  X4191.  Of  this  they  say"* 
that  it  could  be  measured  only  with  a  low  order  of  interference 
and  had  little  weight  in  the  final  results.  Their  wave-length 
for  it  differs  by  0.003  A  from  the  international  value.  In  saying 
that  interferometer  observations  under  the  conditions  used  by 
them  were  found  to  be  reasonably  free  from  the  effects  of  pole- 
shifts,  they  seem  to  have  had  in  mind  not  absolute  effects,  but 

'  Transactions  of  the  International  Union  for  Co-operation  in  Solar  Research,  4, 
59,  1914- 

'  Lick  Observatory  Bulletin,  8,  27,  1913. 
J  Loc.  cit.,  p.  247.  4  Ibid.,  p.  261. 
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rather  that  the  arc  used  by  them  did  not  differ  greatly  from  the 
average  arc  with  which  the  secondary  standards  were  originally 
obtained.  This  agrees  with  the  Mount  Wilson  observations  which 
show  that  the  secondary  standards  of  groups  c$  and  d  are  con- 
taminated by  pole-effect  to  practically  the  same  degree  as  the 
Bureau  of  Standards  measurements  of  lines  of  these  groups.  That 
the  measurement  of  these  lines  in  the  6-mm,  6-amp.  arc  is  difficult 
and  relatively  uncertain  is  shown  by  the  Bureau  of  Standards 
measures;  for  12  secondary  standards  belonging  to  groups  c$  and  d 
the  mean  difference.  Bureau  of  Standards  minus  International,  is 

TABLE  II 
Mount  Wilson  minus  Bure.a.xj  of  Stant).\rds  by  Spectral  Regions 


Region 

Interferometer 

Gr.\ting 

Number  of  Lines 

Systematic 
Difference 

Number  of  Lines 

Systematic 
Difference 

•2270-^^00 

23 
17 
16 

13 
12 
II 
18 
18 
22 
15 
19 
22 
12 
24 

8 

+0.0003  A 

0 . OOOO 
+0 .  0005 
+0.0001 

—  0.0004 

—  0.0005 

—  0 . 0006 

—  0.0006 

—  O.OOOI 

—0.0003 
+0.0006 

0 . OOOO 

—  O.OOOI 

+0.0010 
+0.0010 

30 
18 

15 
16 
12 
13 
19 
18 

23 

18 

22 

24 
10 

17 

—0.0013  A 
+0.0006 

J  coo— ^600 

^600-'?  700 

+0.0006 

3700-3800 

3800-3900 

3900-4000 

+0.0003 
+0.0001 
—  0.0003 
+0.0010 

4000-4200 

4200-4400 

—  0.0003 
+0.0002 

4400-4600 

4600-4800 

4800-5200 

—  0.0003 
+  0.0009 

5200-5700 

+0.0008 

6000-6200 

— O.OOII 

6200-6500 

—0.0003 

+0.0012  A,  while  for  stable  standards  it  is  0.0000  A,  and  in  their 
list  of  secondary  standards  differing  by  more  than  o.ooi  A  from 
International  values,  half  of  the  lines  belong  to  groups  c$  and  d, 
though  they  form  only  one-fifth  of  the  total  number  of  secondary 
standards. 

d)  Intensity  effect. — Burns,  Meggers,  and  Merrill  were  of  the 
opinion  that  for  lines  weaker  than  the  standards  the  grating  gives 
wave-lengths  different  from  those  obtained  by  the  interferometer, 
but  that  the  wave-lengths  obtained  by  the  latter  instrument  are 
free  from  an  intensity  effect.  In  the  present  series  of  grating 
measures  an  effort  was  made  to  obtain  as  many  of  the  weaker 
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lines  as  possible.  The  lines  common  to  this  series  and  the  Bureau 
of  Standards  list  have  been  compared  in  three  groups,  intensities 
1-3,  4-5,  and  stronger  than  6. 

It  is  evident  from  results  given  in  Table  III  that  in  the  Mount 
Wilson  grating  series  the  wave-lengths  of  lines  weaker  than  the 
standards  show  no  systematic  deviation  from  the  Bureau  of  Stand- 
ards interferometer  values  depending  upon  line-intensity.  There 
is,  moreover,  no  systematic  difference  between  the  Mount  Wilson 
grating  and  interferometer  measures  for  weak  lines,  or  between  the 
interferometer  measures  for  strong  and  weak  exposures. 

e)  Grating  and  interferometer, — As  to  the  use  of  both  grating 
and  interferometer  in  obtaining  relative  wave-lengths  as  suggested 
by  the  American  committee,  we  have  found  the  practical  advantage 

TABLE  III 
Bureau  of  Standards  Interferometer  minus  Mount  Wilson  Grating 


Intensities 


6  and  Above 


Positive  diflferences. .  . 
Negative  differences. . 

Zero  differences 

Mean  differences 

Systematic  differences 


-I-0.069 
—0.079 
0.000 
±0.0017 
— o.oooi 


36  lines 
U  lines 
17  lines 
86  lines 
86  lines 


-(-0.077  43  lines 

—0.068  39  lines 

0.000  33  lines 

±0.0013  115  lines 

-|-o.oooi  115  lines 


-I-0.021  12  lines 

—0.038  21  lines 

o .  000  1 2  lines 

±0.0013  45  lines 

—  o .  0004  45  lines 


to  be  the  detection  of  accidental  errors,  to  which  attention  was 
directed  by  occasional  marked  disagreement  between  the  results 
from  the  two  methods,  rather  than  the  elimination  of  comple- 
mentary errors.  Even  with  optically  perfect  instruments  each 
method  has  in  practice  both  advantages  and  disadvantages. 

For  the  interferometer  the  main  points  of  superiority  are:  (i)  the 
long  range  of  spectrum  on  each  plate,  allowing  the  use  of  many  stand- 
ards or  the  bridging  of  wide  gaps  between  standards;  (2)  the  wide 
variation  of  resolving  power  without  loss  in  extent  of  spectrum; 

(3)  the  moderate  sensibility  to  instrumental  disturbances;    and 

(4)  the  less  exacting  character  of  the  necessary  microscopic  measure- 
ments. The  disadvantages  are:  (i)  the  integrating  effect  intro- 
duced by  diaphragms  with  relatively  large  openings  in  front  of  the 
etalon;   (2)  the  loss  in  separation  of  close  lines  due  to  coincidences 
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and  the  low  auxiliary  dispersion  usually  employed;  (3)  the  loss  of 
light  due  to  absorption  in  the  metal  film;  and  (4)  the  necessity  of 
applying  the  correction  for  phase-change. 

For  the  grating  spectrograph  the  advantages  are:  (i)  the  easily 
obtained  high  dispersion  combined  with  great  resolution  for  spectral 
regions  rich  in  lines;  (2)  the  relative  ease,  in  practice,  with  which 
faint  lines  may  be  obtained;  (3)  the  simplicity  of  the  instrumental 
equipment;  and  (4)  the  great  analyzing  power  in  forms  free  from 
astigmatism.  Its  disadvantages  are:  (i)  the  extreme  sensitiveness 
to  instrumental  disturbances;  (2)  the  difficulties  involved  in 
obtaining  the  necessary  degree  of  perfection  in  the  illumination; 
(3)  the  narrow  spectral  range  under  high  dispersion,  limiting  the 
number  of  available  standards;  and  (4)  the  higher  precision 
required  in  the  measurement  of  the  spectrograms. 

The  theoretical  advantages  of  the  two  instruments  are  well 
compared  by  Dr.  Sparrow  as  follows: 

The  defects  of  the  gratings  are  fixed.  If  we  have  a  good  instrument  we 
can  make  measurements  as  good  as  the  best;  if  it  is  defective  a  definite  limit 
is  set  to  the  accuracy  of  all  our  measurements.  With  the  interferometer  a 
good  pair  of  plates  may  become  defective  through  rotating  one  of  them,  or 
through  tarnish  or  non-uniformity  of  the  silver  film;  on  the  other  hand,  we 
may  more  or  less  average  out  the  errors  of  a  defective  pair  by  this  process, 
since  each  silvering  or  change  of  position  makes  virtually  a  new  pair  of  plates.^ 

In  the  present  investigation  we  have  used  three  pairs  of  glass 
interferometer  plates  by  Jobin  and  a  pair  of  fused  quartz  by 
Hilger.  The  plates  were  several  times  resilvered  with  films  of  high 
uniformity,  and  were  frequently  changed  in  relative  angular 
position.  In  no  case  was  a  plate  used  on  which  there  appeared  any 
exadence  of  tarnish  or  variable  thickness  of  metal.  Five  high- 
quality  gratings,  two  by  ]\Iichelson  and  three  by  Anderson,  were 
used  in  obtaining  the  grating  series  of  spectrograms.  As  the  appar- 
ent distribution  of  intensity  in  a  spectral  line  depends  upon  the 
peculiarities  of  the  ruling  engine  and  the  particular  conditions 
under  which  each  grating  is  produced,  it  is  plainly  an  advantage 
in  eliminating  any  resultant  systematic  errors  to  use  gratings  ruled 
upon  two  t^-pes  of  engine  and  under  difi'erent  circumstances  for  the 

'  Astrophysical  Journal,  49,  95,  1919. 
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two  types.  In  view  of  the  diversity  of  instrumental  equipment 
employed,  it  is  probable  that  defects  inherent  in  the  particular 
instruments,  whether  interferometers  or  gratings,  play  a  minor 
role  in  both  series  of  measures. 

Moreover,  the  absence  of  systematic  effects  depending  upon 
line-intensity,  the  precautions  taken  to  avoid  errors  due  to  pole- 
effect,  and  the  substantial  agreement  shown  by  the  wave-lengths 
in  the  two  series  lend  weight  to  the  results.  It  is  perhaps  not  too 
much  to  hope  that,  for  lines  common  to  our  two  hsts  and  having 
probable  errors  marked  A  or  B,  the  weighted  mean  wave-length 
will  be  found  accurate  to  one  unit  in  the  third  decimal  place. 

Assistance  in  measurement  and  reduction  has  been  given  by 
Mrs.  A.  H.  Joy,  who  as  Miss  Burns  was  formerly  a  member  of  the 
computing  division,  by  Miss  A.  M.  Brayton,  by  Miss  A.  L.  Miller, 
and  by  Miss  L.  M.  Keener.  For  their  interested  co-operation 
and  efficient  work  we  wish  to  express  our  appreciation. 

MoiTNT  Wilson  Observatory 
November  1920 


ON  THE  ABSORPTION  SPECTRUM  OF  HYDROGEN 
CHLORIDE 

By  WALTER  F.  COLBY  and  CHARLES  F.  MEYER 
ABSTRACT 

Hydrogen-chloride  absorption  hand,  j.i6  io  3.^0  fj,. — Because  of  the  great 
theoretical  interest  attached  to  the  absorption  spectrum  of  HCI,  the  authors  have 
undertaken  to  add  experimental  data.  For  most  of  the  observations  an  absorption 
chamber  60  cm  long  which  could  be  heated  to  incipient  redness  was  used,  since  Paton 
had  found  that  as  the  temperature  is  raised  the  number  of  observable  lines  is  increased 
while  there  is  no  shift  due  to  temperature.  These  results  were  confirmed.  The  mean 
wave-numbers  for  28  lines,  20  of  which  have  shorter  wave-lengths  than  the  center  of 
the  group,  are  given  in  Table  I.  The  law  of  spacing  is  not  parabolic,  as  has  been 
supposed,  but  a  cubic  term  is  found  to  be  necessary.  The  wave-numbers  are  given  by 
the  equation  »/=  28, 863 .60+205.82  w— 3.082  m^— 0.0165  «',  the  mean  difference 
between  observed  and  calculated  being  2.  The  cubic  term  cannot  be  due  to  over- 
lapping of  lines  at  the  base.  The  results  obtained  by  Paton  at  250"  C.  have  been 
reduced.  An  explanation  of  the  deviations  from  Imes's  results -is  suggested.  Only 
slight  evidence  of  the  existence  of  a  satellite  on  the  long-wave-length  side  of  each  line 
was  obtained.  No  compensation  chamber  was  used  in  these  experiments,  as  a  direct 
test  showed  it  to  be  superfluous. 

The  absorption  of  hydrogen  chloride  falls  into  two  regions,  one 
extending  frorii  3.35juto3.85)U  (see  Fig.  ih),  and  the  other  from 
1.73  )U  to  1.83  ;u  (Fig.  la).  The  second  region  falls  at  approxi- 
mately twice  the  frequency  of  the  first  and  is  less  intense,  whence - 
it  has  come  to  be  known  as  the  "harmonic,"  and  the  first  as 
the  "fundamental."  In  each  region  the  absorption  consists  of 
numerous  lines,  regularly  but  not  uniformly  spaced.  The  only 
precise  measurements  which  have  been  made  upon  these  lines 
were  made  by  Imes,'  who  worked  with  the  absorbing  gas  at  room 
temperature,  as  did  previous  investigators.^ 

Some  work  on  the  "fundamental"  carried  out  by  Mr.  Paton,^ 
with  the  absorbing  gas  at  a  temperature  of  250°  C,  showed  that  as 
the  temperature  of  the  gas  was  raised,  the  individual  lines  retained 

'  Astrop/iyiical  Journal,  50,  251,  1919. 

=  Brinsmade  and  Kemble,  Proceedings  of  the  National  Academy  of  Sciences,  3,  420, 
191 7,  and  Eva  v.  Bahr,  Verhandlungen  der  deutschen  physikalischen  Gesellschaft,  iS» 
1150,  1913. 

3  Physical  Review,  iS.  541,  1920. 
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their  position  as  nearly  as  could  be  measured,  but  that  through  a 
redistribution  of  intensities  of  absorption  the  number  of  observable 
lines  was  increased.  This  was  to  be  expected  on  the  basis  of  the 
rotational  theory  now  commonly  held  for  this  t^-pe  of  absorption. 
The  absorption  spectrum  of  hydrogen  chloride  is  of  great 
theoretical  interest,  and  for  this  reason  the  authors  have  under- 
taken to  add  to  experimental  data  existing  upon  it.  The  present 
paper  deals  with  what  has  thus  far  been  done  upon  the  ''funda- 
mental." Certain  points  which  are  of  interest  have  been  estab- 
lished, but  other  points  remain  unestablished,  and  no  work  has 
yet  been  done  upon  the  "harmonic. "     It  is  hoped  to  do  something 
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Fig.  I 


more  in  the  future  with  hydrogen  chloride  and  with  the  other 
hydrogen  halides. 

The  apparatus  is  similar  to  that  used  by  Imes,  and  we  have 
used  the  same  7500-line  grating.  The  absorption  chamber  con- 
sists of  a  tube  of  high-temperature  glass  kindly  furnished  by  the 
Libby  Glass  Company.  It  is  60  cm  long  and  8  cm  in  internal 
diameter  and  is  provided  with  mica  windows.  Provision  is  made 
for  heating  electrically,  and  when  working  with  the  gas  "hot," 
the  tube  was  heated  to  a  glow  which  could  be  just  seen  in  a  darkened 
room. 

Some  measurements  have  also  been  made  with  the  gas  "cold" 
(room  temperature),  some  with  the  60  cm  chamber,  some  with 
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Imes's  chamber  i6  cm  long,  and  some  using  a  still  shorter  chamber 
4  cm  long. 

The  wave-lengths  of  twenty  hnes  on  the  side  of  the  center 
toward  short  wave-lengths,  and  eight  lines  on  the  opposite  side 
of  the  center  have  been  measured.  The  center  is  marked  by  the 
absence  of  one  line  in  the  otherwise  regular  spacing.  The  lines 
on  the  side  of  short  wave-lengths  were  measured  first,  and  when 
plotting  between  n,  the  number  of  the  line  counted  from  the 
center,  and  v,  the  wave-number,  it  was  possible  to  fit  these  lines 
so  closely  to  a  parabola  that  it  was  believed  that  the  spacing  of 
the  entire  band  would  be  represented  by  a  parabola.     This  belief 

TABLE  I 


-8 

"7 
-6 

-5 
-4 
-3 

-2 
-I 

I 
2 

3 
4 
S 
6 


Measured 


2J031 
278 
520 
760 
991 

28217 

437 
652 
29065 
265 
456 
636 
816 
986 


Computed 


27028 


760 
992 

28219 
440 
655 

29066 
263 
453 
637 
814 
984 


Differ- 
ence 


8 

9 
10 
II 
12 
13 
14 
15 
j6 

17 
18 

19 


Measured 


30148 
309 
453 
597 
732 
858 
984 

31095 
198 
298 
388 
481 

-  554 
615 


Computed 


30148 
305 
454 
597 
733 
861 
982 

31096 
202 
300 
391 
474 
549 
616 


Differ- 
ence 


4 

—  I 
o 

—  I 

-3 

2 

—  I 

-4 

—  2 

-3 

7 


was  expressed  in  a  paper  given  before  the  Physical  Society  at 
Cleveland  last  November.  But  when  the  eight  lines  on  the 
other  side  were  measured,  it  was  found  that  these  rapidly  deviated 
from  this  parabola,  and  a  little  consideration  made  it  clear  that  it 
would  not  be  possible  to  fit  a  parabola  to  the  entire  band.  The 
results  of  the  measurements  are  given  in  Table  I.  The  first  column 
on  the  left  gives  the  number  of  the  line,  which,  on  the  side  of  short 
wave-lengths,  is  taken  as  positive  and  on  the  side  of  long  wave- 
lengths is  taken  as  negative;  these  will  in  future  be  referred  to 
respectively  as  the  positive  and  negative  sides.  The  measured 
wave-numbers  are  given  in  the  second  column.  The  wave-numbers 
given  throughout  are  "waves  per  decimeter.''     This  unit  is  chosen 
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as  it  is  convenient  in  this  discussion,  and  a  change  of  one  wave  per 
decimeter  in  this  region  means  very  nearly  a  change  of  one  A  in 
wave-length. 

In  passing  out  from  the  center  on  the  positive  side,  the  lines 
crowd  more  and  more  closely  together,  as  can  be  seen  in  Figure  i. 
It  was  hoped  that  by  raising  the  temperature  of  the  gas  sufficiently, 
and  thus  raising  the  absorption  in  the  lines  of  higher  number, 
it  might  be  possible  to  detect  a  definite  head  to  this  absorption 
region.  The  existence  of  a  head  has  not  been  established,  but 
we  hope  to  use  still  higher  temperatures  in  the  future  with  a  view 
to  searching  for  it  again.  The  possibility  of  developing  a  head  on 
the  positive  side  has  caused  us  to  devote  most  of  our  attention  to 
measurements  of  lines  on  this  side.  Moreover,  on  the  negative 
side,  after  about  the  twelfth  member,  the^ines  fall  into  a  region 
of  absorption  by  water-vapor,  and  this  complicates  the  making  of 
measurements. 

The  eight  lines  which  have  been  measured  on  the  negative 
side,  and  the  first  eighteen  of  the  twenty  on  the  positive  side,  have 
been  fitted  to  a  cubic.     The  equation  of  the  cubic  is: 

j'  =  28863  .60+205  .8239«— 3  .oSiSogw^— o.oi648i7i;j^ 

The  nineteenth  and  twentieth  lines  were  not  included  in  the 
computation,  but  they  fall  satisfactorily  on  the  extrapolated  curve. 
The  values  calculated  according  to  this  cubic  are  given  in  the 
third  column  of  the  table,  and  the  differences  between  measured 
and  calculated  values  are  given  in  the  fourth  column. 

In  Figure  2,  curve  II,  are  plotted  the  residuals  obtained  after 
subtracting  the  arbitrary  parabola 

!'"  =  28880. 24  +  204. 271W— 3  .33654n^ 

from  the  cubic.  The  plotted  points  show  the  residuals  obtained 
after  subtracting  the  same  parabola  from  the  measured  wave- 
numbers.  Now  if  the  spacing  of  the  lines  were  truly  parabolic, 
then  w^e  should  still  have  a  parabola  left  after  subtracting  a  parabola, 
and  it  is  evident  that  this  is  not  so. 

The  wave-numbers  given  in  Table  I  are  in  general  not  the 
result  of  a  single  measurement  of  the  position  of  a  line.     On  some 
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lines  as  many  as  six  measurements  were  made.  There  were 
sixty-seven  measurements  made  in  all  with  the  gas  "hot,"  and 
twenty-seven  made  with  the  gas  "cold."  No  systematic  shift 
due  to  temperature  has  been  observed  and,  in  making  up  the 
averages  of  column  2  of  the  table,  fourteen  measurements  with 
the  gas  "cold"  were  included.  Something  more  will  be  said 
below  regarding  "cold"  measurements. 

The  above-mentioned  parabola  has  also  been  subtracted  out  of 
Imes's  measured  wave-numbers  and  the  residuals  have  been 
plotted.  Figure  2, 1,  is  a  smooth  curve  going  through  these  points: 
the  points  themselves  have  been  omitted  to  avoid  confusion  of 


Fig.  2 


the  diagram.  It  will  be  noted  that  the  differences  between  Imes's 
values  and  our  own  are  rather  large  on  the  positive  side,  and  this 
we  measured  first.  We  spent  much  time  in  trying  to  reconcile  the 
two  sets  of  data,  and  at  first  believed  that  some  systematic  error 
had  crept  into  one  set  of  determinations  or  the  other.  A  somewhat 
faulty  determination  of  the  spectrometer  constant  may  account 
for  a  portion  of  the  differences.  The  spectrometer  constant  is 
determinable  to  about  0.007  P^r  cent,  so  that  two  faulty  determi- 
nations in  opposite  directions  might  account  for  four  units.  Again, 
a  faulty  determination  of  the  position  of  the  central  image  of  the 
grating  is  to  be  considered.  Our  practice  in  determining  the 
position  of  the  central  image  has  been  to  pass  the  central  image 
over  the  thermopile  sht,  making  settings  every  half-minute  of  arc, 


ON  THE  ABSORPTION  SPECTRUM  OF  HCl  305 

and  taking  galvanometer  readings  at  each  setting.  The  intensity 
of  the  beam  of  infra-red  radiation  is  cut  down  in  this  case  by 
placing  a  piece  of  tissue  paper  across  the  beam  just  before  it  enters 
the  first  slit  of  the  spectroscope;  otherwise  the  galvanometer  would 
go  off  the  scale.  The  positions  of  the  central  image  determined 
in  this  way  have  been  checked  by  making  five  measurements  upon 
absorption  lines  with  the  grating  turned  first  to  one  side  of  the 
normal  and  then  to  the  other.  In  every  determination  the  check 
was  quite  satisfactory.  On  the  other  hand,  Imes  determined  the 
position  of  the  central  image  visually  and  did  not  make  any  very 
careful  check  upon  the  visual  method  as  applied  to  his  thermopile, 
and  as  it  frequently  happens  that  the  true  position  of  the  central 
image  differs  slightly  from  the  one  visually  determined,  it  may  be 
that  some  error  has  crept  into  his  results  from  this  source.  But 
the  entire  differences  between  his  values  and  ours  cannot  be  satis- 
factorily explained  as  experimental  error. 

There  is  probably  a  real  shift  in  Imes's  determinations  as 
compared  to  ours.  There  are  several  causes  which  may  be  operative 
in  producing  shifts.  In  the  first  place,  there  is  the  slope  of  the 
continuous  background  which  is  very  marked  in  Imes's  curves. 
In  Figure  ih,  the  waved  broken  line  represents  this  continuous 
absorption.  It  is  absorption  between  the  lines  due  to  overlapping 
at  the  base.  If  we  consider  the  sixth  line,  then  the  fifth  and 
seventh  overlap  with  it  at  the  base,  and  as  the  fifth  is  a  more  intense 
line  than  the  seventh  it  will  overlap  more,  and  there  will  be  a 
shift  toward  the  fifth  line.  The  magnitude  of  this  shift  for  a 
given  line  will  depend  upon  the  numbers  of  molecules  causing 
absorption  in  the  adjacent  lines,  and  these  numbers  depend 
upon  the  mass  of  gas  in  the  path,  and  upon  the  temperature  which 
affects  the  distribution  of  rotational  velocities.  The  mass  of  gas 
in  the  60  cm  chamber  "hot"  would  be  about  four-thirds  that  in 
the  Imes  chamber,  since  the  chamber  is  four  times  as  long  and  the 
absolute  temperature  is  about  three  times  that  of  the  gas  "cold." 
But  the  temperature  distributes  the  rotational  velocities  more 
evenly,  so  that  the  slope  of  the  continuous  background  is  less  steep 
in  the  60  cm  chamber. 
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Secondly,  it  may  well  be  that  the  absorption  lines  thus  far 
observed  in  the  "fundamental"  do  not  represent  the  ultimate 
structure  of  the  absorption.  In  the  "harmonic"  a  faint  satelKte 
was  observed  by  Imes  on  the  side  of  long  wave-lengths  of  the  more 
prominent  members,  Figure  la.  The  satellite  has  been  explained 
by  Loomis'  as  being  due  to  an  isotope  of  chlorine,  and  if  this  expla- 
nation is  correct  it  should  also  be  present  in  the  "fundamental." 
But  our  definition  may  be  just  insufficient  to  detect  it,  and  the 
measurements  may  give  the  position  of  a  composite  of  the  strong 
line  and  this  satellite.  The  position  of  maximum  absorption  for 
this  composite  would,  on  account  of  the  exponential  law  of  absorp- 
tion, shift  somewhat  with  varying  numbers  of  molecules  taking 
part  in  the  absorption,  though  the  ratio  of  the  number  of  molecules 
affecting  the  strong  line  and  the  satellite  may  be  supposed  constant 
under  all  conditions. 

Shifts  due  to  overlapping  and  due  to  the  satellite  would  affect 
the  law  of  spacing.  But  consideration  makes  it  clear  that  the 
elimination  of  the  effect  of  overlapping  cannot  change  the  law  into 
a  parabola,  and  we  have  experimental  evidence  that  it  does  not. 
It  is  somewhat  premature  to  speculate  upon  the  effect  of  elimination 
of  shift  due  to  the  h}^othetical  satellites,  as  they  may  be  spaced 
differently  than  Loomis  supposes. 

The  accepted  formula  for  absorption  bands  in  this  region  is 
of  a  paraboHc  type 

either  by  the  Bjerrum  postulate  or  by  the  more  recent  and  more 
satisfactory  theory  of  Sommerfeld-Lenz.  In  both  theories  Co  is 
dependent  on  the  atomic  vibration-frequency  and  is  by  far  the 
largest  contribution  of  the  three  terms.  Loomis  has  pointed  out 
that  in  the  case  of  HCl  the  hea\aer  isotope  of  CI  will  produce  a 
satellite  with  a  ratio  of  frequency  1 330/1 331  to  the  predominant 
line.  This  ratio  is  the  square  root  of  the  ratio  of  the  reduced 
masses  and  affects  Co-  As  an  extension  of  this  idea  one  would 
likewise  expect  a  variation  of  Ci :  there  would  be  not  simply  a  series 
of  equally  spaced  doublets,  but  the  separation  would  grow  with 

'  Aslrophysical  Journal,  52,  24S,  1920. 
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order  on  the  positive  side  and  decrease  with  order  on  the  negative 
side.  The  effect  on  c^  is  due  to  a  difference  in  the  moments  of 
inertia.  The  contributions  of  this  term  would  therefore  have  a 
ratio  of  1330/1332,  the  ratio  of  the  reduced  masses.  The  term 
itself,  however,  is  of  a  lower  order  than  the  first  and  we  could  only 
hope  to  detect  its  contribution  in  the  case  of  the  higher  values 
of  71.  The  separation  due  to  c^,  is  21.7,  and  that  due  to  Ci  is  6.3 
for  w=  +20.     Together  they  produce  a  separation  of  28. 

A  word  should  be  said  regarding  the  possibility  of  shift  due  to 
temperature.  None  is  to  be  expected  theoretically,  and  none  has 
been  observed,  but  individual  measurements  of  a  line  frequently 
differ  by  eight  or  ten  units  and  sometimes  by  larger  amounts. 
It  would  be  necessary  to  measure  a  given  line  or  lines  a  number 
of  times  "cold"  and  a  number  of  times  "hot, "  and  under  conditions 
especially  chosen  to  avoid  all  possibility  of  shift  from  the  two 
causes  mentioned  above,  before  one  could  conclude  that  there  is  no 
shift  as  great  as  three  or  four  units  due  to  temperature.  The 
measurements  with  the  60  cm  chamber  "cold"  probably  fulfilled 
these  conditions  approximately.  They  were  made  in  the  very 
beginning  of  our  work  as  preliminary  measurements.  We  at 
that  time  drew  off  gas  from  the  chamber  by  means  of  an  aspirator 
to  prevent  it  from  escaping  into  the  room,  and  drew  air  from  the 
room  into  the  chamber  so  that  it  was  by  no  means  filled  with  gas. 

Four  lines  on  the  negative  side  have  been  measured  "cold" 
with  Imes's  chamber.  The  wave-numbers  agree  closely  wdth 
Imes's  values.  We  have  not  undertaken  to  map  the  entire  region 
in  this  way  as  the  labor  involved  would  be  considerable  and  would 
show  nothing  of  great  value.  The  measurements  which  were  made 
"cold"  with  the  4  cm  chamber  agree  very  closely  with  the  "hot" 
measurements  with  the  60  cm  chamber. 

Mr.  Paton  has  kindly  put  at  our  disposal  the  full  data  which  he 
obtained.  These  had  never  been  worked  up  with  care,  as  no 
reliable  determination  of  the  spectrometer  constant  was  made, 
and  the  temperature  of  the  grating  was  not  recorded.  The  data 
are  nevertheless  valuable  in  several  respects.  IVIr.  Paton's  "hot" 
curve  was  made  at  250°  C,  with  a  chamber  6  cm  long;  thus  the 
continuous  spectrum  in  his  curve  is  practically  absent.     We  have 
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computed  wave-numbers  from  his  data,  using  an  arbitrary  spec- 
trometer constant  to  throw  the  wave -numbers  into  the  right  region, 
and  have  then  subtracted  the  same  parabola.  Figure  2,  III,  is  a 
smooth  curve  drawn  through  the  points,  the  points  themselves  being 
omitted.  It  is  clear  that  the  law  of  spacing  is  still  not  a  parabola. 
The  absorption-curves  of  a  number  of  the  lines  in  this 
set  of  data  show  a  shght  asymmetry  which  is  suggestive  of  a 
satellite  on  the  side  of  long  wave-lengths.  The  degree  of 
asjonmetry  lies  within  the  experimental  error  of  the  determination 
of  the  absorption  percentage,  so  it  is  not  surprising  that  some 
lines  should  show  an  asymmetry  on  the  other  side.  Of  twenty- 
three  lines  in  which  the  absorption  percentage  rises  abov^e  30  per 

Wave-length 


Spectrometer  settings  (minutes) 
Fig.  3 

cent,  twelve  lines  show  the  asymmetry  on  the  side  of  long  wave- 
lengths, eight  are  symmetrical,  two  are  irregular  on  both  sides, 
and  one  shows  the  asymmetry  on  the  other  side.  In  Figure  3  are 
reproduced  the  absorption  curves  which  show  it  most  pronouncedly. 
The  evidence  is  of  course  very  shght.  We  had  searched  for  the 
satellite,  using  a  narrow  slit- width,  0.25  mm,  whereas  most  of  our 
work  has  been  done  with  a  slit- width  of  0.40  mm,  and  Imes  and 
Paton  used  about  o .  50  mm.  We  did  not  find  the  satellite.  The 
galvanometer  deflections  were  very  small  and  the  errors  in  absorp- 
tion percentage  correspondingly  great,  and  it  is  possible,  too, 
that  the  column  of  gas  was  too  long  and  that  the  satellite,  if  it 
exists,  was  merged  into  the  principal  line. 

The    question   has   occasionally   arisen   whether   accuracy   in 
determinations    of  wave-numbers    is    to    be   gained   by   using  a 


ON  THE  ABSORPTION  SPECTRUM  OF  HCl  309 

compensating  chamber;  that  is,  by  observing  galvanometer  deflec- 
tions first  with  the  beam  passing  through  the  absorption  chamber, 
and  then  with  the  beam  passing  through  a  chamber  of  equal 
length  containing  dried  air.  We  did  not  use  a  compensating 
chamber  in  our  work,  but  located  absorption  maxima  directly 
from  the  curve  of  deflections.  By  way  of  comparison  of  the  two 
methods,  we  have  plotted  from  one  of  Mr.  Paton's  sets  of  data 
first  the  curve  of  deflections  and  then  the  curve  of  absorption 
percentage  obtained  from  the  deflections  through  the  compensating 
chamber.  The  position  of  every  absorption  maximum  on  the  two 
curves  is  practically  identical. 

University  of  Michigan 
Januaty  19  21 


THE  EXCEPTION.\LLY  HIGH  SOLAR  PROMINENCE 

OF  OCTOBER  8,  1920 

By  OLIVER  J.  LEE 

ABSTRACT 

Solar  prominence  of  October  8,  ig20. — Fifty-seven  photographs  were  obtained, 
covering  the  various  stages  of  the  growth  and  gradual  breaking  up  and  final  dis- 
appearance of  this  prominence,  which  attained  the  record  height  of  831,000  km.  The 
changes  are  described  in  detail  with  the  help  of  7  photographs  and  6  plots.  The 
superstructure  rose  slowl}^  at  first  until  coherence  with  the  base  was  partly  broken, 
when  the  velocity  suddenly  changed  to  a  much  higher  value,  which  was  maintained 
until  a  more  complete  break  was  accompanied  by  another  sudden  increase.  The 
motion  of  other  parts  was  quite  complex,  some  material  returning  to  the  sun,  while 
other  parts  seemed  to  be  attracted  to  points  outside  the  sun.  Electrostatic  forces 
may  have  been  acting,  but  it  is  not  understood  how.  The  prominence  was  associated 
with  no  sun-spot  and  seemed  to  be  a  new  eruption.  The  H  line  of  calcium  was  used 
in  making  the  spectroheliograms. 

The  first  photograph  of  this  prominence  was  taken  at  G.M.T. 
3^5™,  October  8,  through  a  thick  haze  with  scattered  clouds. 
The  topheavy  appearance  of  the  eruption  suggested  that  it  might 
show  changes,  and  it  was  followed  throughout  the  day  in  spite  of 
the  unfavorable  conditions.  Until  local  noon  twenty-six  photo- 
graphs had  been  taken  at  various  intervals,  and  it  was  evident  that 
the  top  of  the  structure  was  about  to  be  separated  from  the  base. 
It  was  therefore  followed  until  G.M.T.  8^33™,  when  the  last  vestiges 
of  it  are  seen  at  an  elevation  above  the  solar  limb  of  831,000  km 
or  more  than  19  minutes  of  arc.  A  fresh  breeze  blew  directly  into 
the  dome  all  day,  and  the  resulting  oscillation  of  the  telescope  is  all 
too  much  in  evidence  on  many  of  the  photographs.  At  no  time 
was  the  prominence  strong,  and  it  was  a  matter  of  surprise  to  find 
the  faint  structure  of  the  prominence  recorded  as  the  plates  were 
developed.     Fifty-seven  photographs  were  obtained  during  the  day. 

The  eruption  took  place  on  the  east  limb  of  the  sun  in  latitude 
24°  south  and  longitude  266°.  Photographs  of  the  disk  with  the 
H  line  of  calcium  are  available  for  the  next  few  days,  but  they  give 
no  evidence  of  disturbance  at  this  point  beyond  a  few  floccular 
specks.     The  nearest  spot  is  perhaps  40  or  more  degrees  away.     On 
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the  previous  clay  a  low  diffuse  prominence  overlay  this  region,  but 
its  form  had  nothing  in  common  with  the  first  photographs  made  on 
October  8.  This  circumstance,  taken  with  the  fact  that  new  matter 
was  being  shot  up  into  the  base  of  the  prominence  during  its 
development,  indicates  that  the  latter  was  a  new  eruption. 

In  the  diagram  the  plot  A  exhibits  the  vertical  ascent  of  the 
crest  or  top  of  the  prominence.  It  was  not  possible  to  derive  a 
similar  plot  for  the  under  side  of  the  prominence,  the  changes  in 
form  being  too  radical.  In  the  first  section  of  plot  A  the  crosses 
in  each  case  represent  the  mean  height  of  from  two  to  five  photo- 
graphs taken  in  quick  succession.  After  the  changes  became  more 
rapid,  as  shown  in  the  second  and  third  parts  of  this  plot,  it  became 
more  difhcult  to  set  on  the  faint  traces  of  matter  forming  the  top 
of  the  crest.  In  all  the  plots  given  in  the  figure  the  numbers  are 
the  velocities  in  kilometers  per  second. 

Plot  A  is  made  up  of  three  straight  lines.  While  instantaneous 
increases  in  velocity  are  indicated,  the  times  of  observation  and  the 
scale  of  the  plot  do  not  preclude  the  possibiUty  that  the  change 
occupied  several  minutes.  There  can  be  no  doubt  that  in  each 
interval  of  time  the  velocity  of  ascent  is  constant.  From  a  study 
of  twenty-four  eruptive  prominences,  Pettit'  has  established  that 
the  velocities  of  ascent  in  prominences  receive  impulsive  increments 
of  speed,  and  that  between  these  moments  of  increase  the  velocities 
are  constant. 

The  accompanying  plate  exhibits  some  of  the  most  striking 
changes  of  form.  Xo  attempt  has  been  made  to  reproduce  the 
last  stages  photographed. 

Considerable  difficulty  was  experienced  in  measuring  the 
velocities  of  difi'erent  parts  in  the  early  forms.  The  masses  are  too 
irregular  and  diffuse.  About  eighty  determinations  of  velocity 
were  made  with  the  "blink''  comparator  on  thirty-seven  points. 
The  individual  velocities  are  of  course  rather  discordant.  Direc- 
tions of  motion  are  more  satisfactory  and  give  a  fairly  good  indica- 
tion of  how  the  main  body  of  the  prominence  became  detached 
from  the  base.     The  five  smaller  cuts  show  how  this  took  place. 

^  Astrophysical  Journal,  50,  206,  1919;  Publications  of  the  Yerkes  Observatory, 
Vol.  Ill,  Part  IV,  probably  wall  appear  in  192 1. 
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Diagram  i. — Heights  and  velocities  of  A,  the  crest;  B,  the  secondary  eruption 
from  the  head;  C,  the  isolated  cloudlet  at  the  right;  D,  the  crest  for  comparison 
with  E  and  F;  E,  the  large,  dense  condensation  near  the  bottom  of  the  ascending 
head;  F,  the  small  bright  knot  approaching  the  horn  prominence. 
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During  the  first  interval  of  observation  the  superstructure  was 
slowly  rising.  The  greatest  velocities  during  this  period  were  in 
the  streamers  toward  the  left,  the  largest  being  77  km  per  second. 
The  objective  of  these  arms  seemed  to  be  some  point  of  attraction 
outside  the  lower  left-hand  corner  of  the  figures,  as  indicated  in  the 
first  photograph.  Then  the  low  hornlike  prominence  at  the  left 
became  the  more  powerful  and  grew  in  size  and  brightness  with  the 
stream  of  matter  fed  to  it  by  the  main  eruption  and  other  matter 
coming  up  into  it  from  the  Umb  of  the  sun  itself.  The  branches 
projecting  from  time  to  time  higher  up  seemed  variously  affected 
by  the  attraction  of  the  horn  and  the  point  at  its  left  and,  once 
detached  from  the  main  mass,  moved  outward  and  up  or  down  with 
velocities  ranging  from  14  to  26  km  per  second.  Between  the 
stages  shown  in  the  first  two  figures  the  straggling  material  between 
the  base  and  head  was  drawn  off  to  the  left,  while  on  the  right  it 
settled  down  toward  the  limb  of  the  sun  at  the  rate  of  a  very  few 
kilometers  per  second.  The  resulting  cleavage  is  well  shown  in  the 
photograph  taken  at  G.M.T.  6^24™,  although  the  roughly  parallel 
lines  from  between  which  the  matter  was  drawn  are  clearly  seen 
much  earlier  in  the  series.  The  denser  connected  masses  in  the 
main  head  resisted  this  action  and  began  ascent  with  increased 
speed.  The  rapid  rise  of  the  secondary  eruption  in  the  upper  right- 
hand  corner  of  the  head  is  shown  separately  in  plot  B.  The  break 
in  cohesion  between  this  part  and  the  rest  of  the  head  is  indicated 
in  the  second  figure  and  took  place  in  a  manner  analogous  to  that 
described  above.  During  its  separation  from  the  head  it  experienced 
for  a  while  a  slight  swaying  motion  toward  the  right,  southward. 
Then  after  the  second  large  increase  in  velocity  upward  it  lost  its 
form  and  dissipated  rapidly.  The  northward  parts  of  the  head 
proved  most  refractory  and  had  swayed  back  toward  the  north 
several  degrees  of  latitude  when  the  greatest  height  was  attained. 
At  G.M.T.  8''27'^  the  crest  is  still  quite  conspicuous.  On  the 
photographs  taken  at  G.M.T.  8''3i°'53^  and  8''33™27^  the  remnant 
is  so  faint  that  had  there  been  but  one  plate  no  claim  to  an  une- 
qualed  record  of  altitude  could  have  been  made.  As  it  is,  the  last 
two  exposures  corroborate  each  other  perfectly. 
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The  absence  of  any  accurate  information  about  the  component 
of  velocity  in  the  line  of  sight  and  of  perspective  in  prominences 
makes  a  discussion  of  motions  difficult,  and  phenomena  are  not 
always  what  they  seem.  In  the  stage  show^n  in  Figure  3,  taken  at 
G.M.T.  6^24"°,  a  small  spike  projects  upward  from  the  base  across 
the  open  space  tow^ard  the  detached  mass.  This  body  broke  loose 
from  its  apparent  base,  traversed  the  open  space  at  a  velocity 
varying  from  13  to  30  km  per  second,  and  joined  the  receding  mass. 
Transfer  of  other  material  across  this  space  is  clearly  seen  also  in 
the  next  two  figures. 

The  small  cloudlet  seen  widely  separated  toward  the  right  was 
followed  for  nearly  one  hour.  At  G.^I.T.  5''42'"49^  it  is  a  nucleus 
in  the  arm  projecting  downw^ard  from  the  right  of  the  main  head. 
The  next  figure  shows  it  detached  and  strengthened  by  accretion. 
Measurement  along  a  solar  radius  of  nine  photographs  gives  the 
points  in  plot  C.  The  last  image  was  indistinct  and  the  measure 
of  it  was  not  given  any  weight  in  plotting.  The  rest  indicate  two 
periods  of  constant  velocity  connected  by  a  short  interval  of  change. 
The  velocities  themselves  and  the  times  of  change  are  seen  to  be 
independent  of  those  of  the  main  mass.  ]Micrometric  measures  in 
rectangular  co-ordinates  show  that  this  knot  at  first  moved  away 
from  the  head  at  an  angle  of  34°  with  the  tangent  to  the  limb ;  then 
it  changed  direction  to  an  angle  of  65°,  but  did  not  get  its  increase 
in  speed  for  another  10  to  12  minutes. 

Another  feature  of  the  eruption  is  shown  in  the  last  group  of 
plots.  It  concerns  the  separation  of  the  parts  of  the  head,  the 
crest  stubbornly  resisting  disruption  and  continuing  its  dash  to 
the  greatest  height  so  far  recorded,  while  other  parts  singly  or  in 
groups  deserted  and  vanished  or  started  back  to  the  sun.  The 
process  continued  for  sometime  but  reached  a  climax  when  the 
crest  had  attained  an  altitude  of  450,000  km  above  the  limb.  One 
small  knot  started  back  earlier  and  was  beautifully  recorded  on 
five  photographs.  Two  intermediate  stages  are  shown  in  Figures  6 
and  7.  Plot  F  refers  to  this  knot.  It  took  a  straight  course  wnth 
constant  velocity  for  the  top  of  the  horn  prominence,  the  fifth 
exposure  showing  it  almost  in  contact.     The  horn  itself,  which  had 
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persisted  for  five  hours  of  observation  with  only  minor  changes  in 
form,  at  this  time  exploded,  shooting  streamers  toward  the  left 
and  weakening.  About  fifteen  minutes  earlier  the  stump  of  the 
main  prominence  had  discharged  itself  into  the  horn  and  now  only 
an  insignificant  knob  remained. 

Plot  E  refers  to  the  motions  of  a  large  dense  mass  probably 
coming  from  the  lower  right  portion  of  the  head.  After  sharing 
the  ascending  motion  it  finally  slid  into  the  course  taken  by  material 
returning  to  the  sun.  The  reversal  of  motion  of  this  mass  is  shown. 
There  may  be  later  traces  of  it  but  certain  identification  is  not 
possible.  Plot  D  shows  the  altitudes  of  the  crest  during  this  period 
for  comparison. 

The  study  of  this  prominence  elicits  the  following  remarks : 

1.  Motions  in  this  and  similar  prominences  must  be  due  to  the 
interplay  of  many  forces. 

2.  WTiile  this  eruption  took  place,  the  parts  farthest  from  the 
horn  prominence  and  the  nearby  point  of  attraction  have  moved 
with  the  greater  freedom. 

3.  So  long  as  there  was  continuity  of  material  in  base  and  head 
only  a  very  gradual  rising  motion  took  place.  Once  cohesion  was 
broken,  in  this  case  by  the  clearing  of  a  lane  across  the  neck,  more 
rapid  ascent  began. 

4.  The  first  increase  in  velocity  follow^ed  the  partial  break  shown 
in  the  third  figure.  The  second  increase  came  just  after  the  more 
complete. break  seen  in  the  fifth. 

5.  A  center  of  attraction  existed  at  some  point  not  far  to  the 
left  of  the  horn  prominence. 

6.  Apparently  a  differentiation  took  place  in  the  ascending  mass 
so  that  part  of  it  continued  upward  and  other  parts  were  drawn  back 
to  the  sun.  This  is  not  due  to  the  presence  of  different  elements, 
since  the  spectroheHograph  in  this  adjustment  will  record  only 
the  monochromatic  radiation  of  the  H  line  of  calcium.  Is  it  due 
to  change  in  polarity  of  the  crest  or  transfer  of  charge  from  it  to 
its  neighbor  ?  How  can  this  affect  the  motion  of  the  appendages 
and  not  also  the  motion  of  the  crest,  which  remains  constant,  as 
shown  by  its  plot  of  altitudes  ?     Or,  can  it  be  that  breaks  in  the 
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cohesion  of  material  amount  to  interrupting  the  paths  in  which 
transfer  of  charge  takes  place  with  the  result  of  sudden  change  in 
repulsive  force? 

7.  The  base  of  the  prominence  discharged  violently  into  the 
horn  at  the  time  when  the  crest  shed  its  appendages.  The  simul- 
taneous dissipation  of  widely  separated  parts  of  an  eruption  has  been 
noted  by  Evershed.^  Does  this  indicate  a  local  held,  ha\dng 
particular  properties,  surrounding  this  complete  operation  ?  If  so, 
the  field  is  not  one  connected  with  spots  or  a  marked  floccular  area. 
It  may  be  the  field  lying  between  sun-spot  fields  and  ha\ang,  in  a 
fashion,  complementary  properties. 

8.  The  dense  part  of  the  horn  is  the  goal  of  material  returning 
to  the  sun  from  above  in  a  funnel-shaped  path.  WTiy  should  not 
this  material  rather  seek  the  point  at  the  left?  Particularly  so 
since  the  horn  itself  "blew  up"  and  discharged  its  substance 
furiously  toward  this  point  only  a  short  time  later  ? 

9.  The  slow  development  of  the  structure  for  the  first  hours  of 
observation  indicate  a  growth  rather  than  a  sudden  eruption.  At 
the  rate  of  rise  found  for  the  first  period  of  observation,  i .  9  km  per 
second,  the  prominence  could  have  grown  from  the  limb  of  the 
sun  up  to  the  altitude  first  observed  in  less  than  ten  and  a  half 
hours. 

ID.  The  smaller  types  of  jetlike  ejections  from  the  limbs  of 
the  sun  are  apparently  real  eruptions.  It  is  more  than  likely  that 
the  large  structures,  which  attain  high  altitudes,  grow  out  rather 
leisurely  and  finally  suffer  violent  disruption  because  of  internal 
mechanical  changes  coupled  with  static  conditions  in  the  solar 
atmosphere. 

Yerkes  Observatory 
December  14,  iq2o 

^Bulletin  No.  LV,  Kodaikanal  Observatory,  191 7. 


SUSPECTED  VARIABLE,  BOND  624,  IN  TRAPEZIUM 

OF  ORION 

By  J.  A.  PARKHURST 

ABSTRACT 

Variability  of  Bond  624  in  Orion. — The  photo-visual  magnitudes  obtained  from 
67  plates  covering  the  past  16  years  have  been  arranged  in  order  of  phase  according 
to  Hartwig's  elements,  but  no  periodic  variation  from  the  mean,  8¥32,  is  shown  and 
the  average  deviation  of  the  normal  point  is  only  o¥o6.  The  comparison  stars  used 
gave  excellent  standards  for  the  detection  of  any  variation,  even  slight.  Evidently 
the  elements  given  by  Hartwig  cannot  be  correct. 

Photo-visual  magnitudes  of  seven  stars  in  Orion,  Bond  619,  628,  640,  685,  708, 
734,  and  741  are  given  and  compared  with  Graff's  values. 

Hartwig  has  published  in  Vierteljahrsschrift  der  Astronomischen 
Gesellschaft,   55,   220,   1920,   the  following  elements  of  minimum 

G.  M.  T. 

1919  August  28,  J.  D.     2422199.  576+6*^4754  E. 

An  ephemeris  based  on  these  elements  also  appeared  in  Astro- 
nomische  Nachrichten,  212,  231,  1920.  These  publications  led  me 
to  arrange  the  plates  taken  with  the  Yerkes  40-inch  refractor  in 
order  of  phase  according  to  Hartwig's  elements,  in  search  for 
photographic  evidence  of  variation. 

These  plates  were  taken  through  a  yellow  filter  and  therefore 
give  photo-\asual  magnitudes,  which  agree  very  closely  with  visual 
observations  in  ordinary  fields.  The  results  of  a  preliminary 
examination  of  103  plates  taken  between  1900,  September  20,  and 
1919,  March  19,  were  published  in  Popular  Astronomy,  27,  578, 
November  19 19. 

Most  of  the  plates  had  exposures  of  one  to  two  hours  and  on 
many  of  them  the  bright  stars  of  the  trapezium  with  the  surrounding 
nebulosity  were  too  large  and  dense  for  accurate  measures.  Such 
plates  were  either  excluded  from  the  following  list,  or,  if  included 
on  account  of  phase-value  near  predicted  minimum,  were  given 
half  weight.  On  plates  with  exposures  of  5  to  50  minutes,  the 
images  of  the  trapezium  stars  were  small  enough  to  permit  measure- 
ment with  an  artificial  scale  in  the  Hartmann  microphotometer. 
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The  system  of  standard  magnitudes  was  determined  by  such 
measures  of  plates  taken  with  objective-gratings,  giving  the 
following  system,  and  the  comparison  with  Graff's  visual  magni- 
tudes. 

The  systematic  difference,  Parkhurst  minus  Graff,  for  the  mean 
of  seven  stars  is  +o^^o6.  The  difference  for  ^2  =  Bond  685,  Graff's 
basis,  is  -fo^'02.  The  indi\adual  differences  are  large;  negative 
for  stars  in  the  dense  nebulosity  near  the  trapezium,  and  positive 
for  stars  in  less  nebulosity, 

TABLE  I 


Star 

Plate 

Graff 

DiS. 

358 

359 

362 

309 

401 

402 

P.-G. 

Bond  619 

628 

6^86 
5.22 
6.84 
5.22 
6.60 
7.10 
9.09 

6¥7o 
S-i6 
6.71 
S-18 
6.60 
7.04 
8.67 

6M72 
4.92 
0-74 
4.98 
6.56 
6.8q 
8.39 

6» 

5 
6 

5 
6 

7 
8 

I69 
23 
55 
23 
58 
00 

53 

7'^'o4 

5-14 
7.04 

5-14 
6.56 
7-47 
9.01 

6' 

^84 

6M78 
5-i8 
6.73 
519 
6.58 
7.07 
8.52 

7¥i9 
5-42 
6.83 

5-17 
6.41 
6.64 
7-97 

-0M41 

—  0.24 

—  O.IO 
-f-0.02 
+0.17 
+0.43 

+0-55 

640 

02  =  685 

708 

734 

741 

6 
6 

78 
55 

8 

20 

Aleans 

6.=;8 

6.52 

On  such  plates  of  exposures  less  than  30°^,  taken  with  or  with- 
out the  objective  grating,  the  nebulosity  is  not  troublesome  and 
the  star-images  can  be  measured  with  considerable  precision. 
When  the  exposure  was  an  hour  or  more  it  was  only  possible  to 
estimate  the  magnitudes  somewhat  roughly,  such  results  being 
marked  ( : )  in  the  list  and  given  half  weight.  But  even  on  these 
plates  a  change  of  half  a  magnitude  would  be  quite  noticeable. 
The  best  of  the  plates  used,  about  one-third  the  total  number,  are 
quite  free  from  the  uncertainties  encountered  in  visual  comparisons 
on  the  bright,  shifting  background  of  nebulosity;  the  photographic 
results  should  therefore  have  relatively  greater  weight. 

The  results  of  measurements  of  67  plates  are  given  in  Table  II, 
for  which  the  headings  of  the  columns  are  self-explanatory.  The 
plates  were  grouped  in  order  of  phase  after  minimum  according  to 
Hartwig's  elements.     The  average  magnitude  of  Bond  624  is  8.32, 
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TABLE  II 
Normal  Points 


Plate  No. 


Cal.  Date 


Julian  Day 

24 


Phase 


Mag. 


Mean 


Phase 


Mag. 


401 
57 
65 

365 
61 
18 

339 

22 
72 

73 
90 

138 
80 
66 
26 
20 
70 

69 

86 

56 

143 

202 

302 

150 
67 
50 

304 
87 
48 

75 

13 
30 
59 
51 
71 
23 
198 

203 

49 
402 
402 
336 


1921  Jan.  27 

1909  Apr.  I 
1911  Jan.  28 
1919  Dec.  3 

1910  Feb.  19 
1906  Jan.  28 
1917  Dec.  25 
1906  Feb.  10 

191 1  Dec.  5 

1911  Dec.  18 
1914  Feb.  15 
19 14  Nov.  I 

191 2  ]\Iar.  5 
191 I  Feb.  4 
1906  Oct.  21 
1906  Feb.  4 
1911  Nov.  29 

1911  Oct.  28 

1913  Jan.  23 
1909  Mar.  20 

1914  Nov.  21 

1916  Jan.  16 

1917  Dec.  9 

1914  Dec.  24 

191 1  Feb.  18 
1908  Feb.  20 

Dec.  16 
Feb.  6 

1908  Dec.  25 

1912  Jan.  8 


1917 
1913 


1905 
1907 
1909 
1908 
1911 
1906 
1915 

1916 
1908 
1921 
1921 
1918 
1906 


Dec.  16 
Feb.  10 
Dec.  25 
Oct.  17 
Dec.  I 
liar.  17 
Nov.  14 

Feb.  13 
Feb.  2 
Feb.  19 
Feb.  19 
Nov.  13 
Mar.  31 


22717.653 

18398.583 
19065.601 
22296.810 
18722.546 
17596.628 
21953.732 
17252.625 
19376.730 

19389 -745 
20179.627 
20438 . 800 
19467.552 
19072.623 

17505-587 
17246.625 

19370.773 

19338.572 
19791.707 

18386.595 
20458.817 
20879.713 
21572.754 

20491.724 
19086.583 
17992-543 
21579-773 
19805.670 
17966.675 
19410.740 

17196.691 
17617.568 
18666. 712 
18232.906 
19372.715 
17287.585 
20816.772 

20907.659 

17974.579 
22740.576 
22740.606 
21911 .800 
17301.581 


o'?o4 
o.  I 


0.2 
0.22 
0.22 
0.24 


0.3 

0.37 

0.52 

0.58 

0.6 

0.6 

0.73 
0.76 

0.94 
0.96 
1 .0 
1 .  10 

I -13 
1.28 

1.64 

1-7 
1.8 

1.83 
1-97 
2.0 
2.06 

2.49 

2-5 

2.6 

2.7 
2.71 
2.8 
2-93 


8.18 

8.25 

8.00 

8-5 

8.25 


8-5 
8.2: 


8.2: 


8.25 

8-5 

8.5 

8.10 

8.32 

8.00: 

8.25 
8.25 
8.25 
8.31 


8.4  : 

8.25: 
8.30 
8.20 


8.2c 
8.5 

8.5 

8.5 

8.5 

8.30 

8.25 

8.5  : 

8.25: 

8.25: 
8.25: 
8.02 
8. II 


8.32 


0.56 


8.30 


■2>3 


1.86 


8.36 


2.67 


8.36 


3-56 


8.23 
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TABLE  ll~Continucd 


Plate  No. 


200 

42 

54 

91 

355 

397 

159 

44 

68 

92 

358 

359 

360 
246 

311 
362 

363 

399 

81 

338 
234 

37 

52 

89 

93 

64 

60 

301 

309 

343 


Cal.  Date 


1916 
1907 
1909 
1914 
1919 
1921 

1915 
1908 
1911 
1914 
1919 
1919 


1906 
1908 
1914 
1914 
1911 
1910 
1917 
1918 
1919 
1909 


Jan.  6 
Dec.  I 
Feb.  6 
Feb.  19 
Nov.  5 
Jan.  12 
Feb.  17 
Jan.  2 
Apr.  I 
Feb.  26 
Nov.  12 
Nov.  12 


1919  Nov.  12 

191 7  Jan.  23 

1918  Feb.  3 

1919  Nov.  19 
1919  Nov.  19 
1921  Jan.  26 
1912  Apr.  5 
1918  Dec.  II 
1916  Oct.  25 


Oct.  4 
Nov.  28 
Feb.  14 
Mar.  12 
Jan.  21 
Jan.  30 
Nov.  18 
Jan.  9 
Mar.  19 
Mar.  6 


Julian  Day 

Phase 

24 

20869 . 700 

4<?o6 

17910.712 

4 

3 

18344-566 

4 

3 

20183.585 

4 

33 

22268.800 

4 

47 

22702.719 

4 

53 

20546.587 

4 

69 

17943.612 

4 

8 

19128.584 

4 

87 

20190.596 

4 

87 

22275.758 

4 

95 

22275.772 

4 

97 

22275.811 

5 

00 

21252.719 

5 

03 

21628.725 

5 

46 

22282.779 

5 

49 

22282.821 

5 

54 

22716.703 

5 

56 

19498.573 

5 

70 

21939.808 

5 

73 

21162.809 

5 

76 

17853. 911 

5 

8 

18274.774 

5 

8 

20178.609 

5 

82 

20204.580 

5 

89 

19058.636 

6 

0 

18702.704 

6 

20 

21551-765 

6 

20 

21603.643 

6 

27 

22037.579 

6 

37 

18372.576 

6 

47 

Mag. 


8.25: 
"■25: 


20 

26 

25: 

25 

25 

40 

30 
23 

o  : 
o  : 

25: 
20 

25: 
09 

25: 
5  • 
25: 


Mean 


Phase    Mag 


4-57 


6.09 


8.28 


,19 


-44 


the  deviations  of  the  normal  points  from  the  mean  range  from 
0^00  to  o^'i3  with  an  average  value  of  o^^o6. 

No  evidence  of  variation  of  Bond  624  can  be  found  from  these 
plates  covering  the  past  sixteen  years.  The  plates  taken  between 
1919  and  192 1  indicate  that  the  elements  cannot  be  correct,  but 
the  possibility  remains  that  the  exposures  may  have  avoided  the 
minima  corresponding  to  somewhat  different  elements. 

Figures  1,2,  and  3,  which  are  reproductions  of  photographs,  will 
give  a  fair  idea  of  the  appearance  of  the  images,  and  of  the  possibility 
of  accurate  measures.  They  also  show  that  the  nebulosity  does 
not  affect  short  exposures  enough  to  introduce  errors  in  the  results. 


SUSPECTED  VARIABLE  IN  TRAPEZIUM  OF  ORION       321 

Figure  i  reproduces  the  central  part  of  Plate  0,362  taken  1919, 
November  19,  with  grating  P6  and  an  exposure  of  10  minutes. 
The  scale  is  small  enough  to  include  the  trapezium  and  also  the 

Fig.  I. — Negative  O,  362 


Fig.  3. — Negative  O,  401 


Fig.  2. — Negative  O,  48 


line  of  three  stars,  Bond  685,  708,  and  741.  Figure  2,  which  is  a 
reproduction  of  0,48  taken  1908,  January  25,  with  an  exposure  of 
20  minutes,  shows  the  trapezium  on  a  sufficiently  large  scale  to 
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hold  the  Bond  numbers  in  the  vicinity  of  the  five  brightest  stars. 
Overlapping  the  image  of  628  will  be  seen  part  of  the  image  of 
Bond  633,  sometimes  called  the  sixth  star  in  the  trapezium.  Fig- 
ure 3  reproduces  the  central  part  of  Plate  0,401  taken  1921,  January 
27,  at  15^40™  G.M.T.,  with  an  exposure  of  10  minutes,  through 
grating  P6,  and  is  given  for  the  purpose  to  be  mentioned  later. 

Figure  i  will  give  an  idea  of  the  possibility  of  accurate  measures, 
with  an  absolute  scale  of  magnitudes  on  the  plate,  derived  from 
the  difference  in  apparent  magnitude  between  the  central  and  the 
spectral  images  of  the  first  and  third  orders.  These  constants  for 
the  grating  P6  have  been  carefully  determined,  giving  the  difference 
between  central  and  first  order  spectrum  as  2.38  magnitudes,  and 
that  between  central  and  third  order  spectrum  as  5.03  magnitudes. 
In  Figure  i  it  will  be  seen  at  a  glance  that  the  size  of  the  central 
image  of  Bond  624  lies  between  the  central  and  spectral  images  of 
the  stars  6ig  and  640.  It  is  also  comparable  with  the  spectral 
image  of  Bond  708  and  with  the  central  image  of  Bond  741.  These 
four  comparison  stars  therefore  give  us  excellent  standards  for  the 
detection  of  any  variation,  even  slight,  in  Bond  624. 

In  Astronomische  Nachrichten,  212,  383,  1921,  Hartwig  reports 
a  minimum  for  192 1,  January  14,  at  9^  =*=  G.M.T.  This  corresponds 
to  epoch  78.  The  next  minimum  which  could  be  observed  in 
this  longitude  was  the  second  following,  epoch  80.  Plate  0,401 
was  taken  at  epoch  80  with  the  phase  value  of  0.04  days.  The 
measured  magnitude  of  Bond  624  on  this  plate  is  8.18,  which  is 
about  o^'i  brighter  than  the  mean.  No  confirmation  of  the 
variation  can  be  found  from  this  plate,  which  shows,  moreover,  that 
the  elements  given  by  Hartwig  cannot  be  correct. 

Yerkes  Observatory 
March  192 1 
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USE  OF  A  LIME  CATHODE  OF  CARBON 
IN  SPECTROSCOPY 

ABSTRACT 

Lime  cathode  of  carbon  may  be  prepared  by  soaking  a  thin  hard  carbon  strip, 
such  as  may  be  cut  from  a  telephone  diaphragm,  in  a  solution  of  calcium  and  barium 
nitrate  and  then  drying  it.  By  heating  this  cathode  in  a  vacuum  and  applying  a 
potential  difference  of  a  few  hundred  volts  between  it  and  a  nearby  anode,  an  electronic 
current  of  several  amperes  per  cm^  may  be  obtained  which  may  be  used  for  melting 
small  quantities  of  highly  refractory  substances  or  for  exciting  intense  light  from  the 
anode  metal.  This  new  and  powerful  source  of  line  spectra  is  so  intense  that  the 
structure  of  the  spectrum  lines  of  such  metals  as  Cd,  Bi,  and  Pb  may  be  studied  with 
an  echelon  grating  or  a  Lummer-Gehrcke  plate.  The  life  of  the  strip  was  usually  long 
enough,  about  20  or  30  minutes,  to  outlast  the  anode  material,  which  was  placed  in 
a  small  silica  tube. 

Structure  of  bismuth  lines. — Photographs  made  with  a  Lummer-Gehrcke  plate 
and  a  spectrograph  show  the  structure  of  lines  XX  4722,  4308,  4122,  3596,  3511,  and 
3397.     No  measurements  are  given. 

It  is  well  known,  that  calcium  or  barium  oxide  coated  on  a 
strip  of  platinum  foil  and  heated  red  hot,  sends  out  a  large  number 
of  electrons,  which  may  be  used  with  advantage  for  melting  small 
quantities  of  highly  refractory  substances  in  vacuum  or  for  exciting 
intense  light  from  metals. 

The  so-called  Wehnelt  cathode  was  successfully  employed  by 
Janicki/  Wali-Mohammed,^  Takamine,^  King,"*  and  others  in 
spectroscopy,  for  obtaining  sharply  defined  spectral  lines. 

At  the  suggestion  and  under  the  guidance  of  Professor  Nagaoka, 
the  following  experiment  was  made  with  the  object  of  replacing 
the  platinum  foil  of  the  cathode  by  a  hard  carbon  strip.  The 
carbon  was  previously  soaked  in  a  solution  of  calcium  and  barium 
nitrate,  and  dried ;  by  using  it  as  cathode,  we  can  obtain  electronic 
currents  of  several  amperes  per  cm^  in  vacuum,  and  successfully 

'  Annalen  der  Physik,  29,  833,  1909.        3  Jour.  Coll.  Sci.  (Tokyo),  8,  51,  1915. 
^  Dissertation,  Gottingen,  1912.  *  Astro  physical  Journal,  44,  303,  1916. 
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apply  this  current  for  spectroscopic  use.  As  a  cathode,  we  cut  a 
thin  carbon  strip  from  a  telephone  diaphragm  in  rectangular  shape, 
3X12  mm.  The  strip  was  heated  red  hot,  and  after  cooling  dipped 
in  a  solution  of  calcium  and  barium  nitrate;  before  using,  it  was 
dried  in  a  gas  flame.  Its  ends  were  held  by  small  steel  clamps. 
Acheson  graphite  was  pasted  on  the  plate  to  make  sure  of  good 
contact  at  the  clamps.  The  strip  was  heated  by  an  alternating 
current,  which  was  led  in  by  steel  wires,  sheathed  in  glass  tubes. 
Currents  of  8  to  16  amperes  were  used  to  heat  the  strip  red  hot, 
and  on  applying  sufficient  voltage  between  the  anode  and  the 
cathode,  the  electronic  current  was  established  between  them. 
Usually  the  heating  current  was  taken  off  after  reaching  this 
stage,  and  no  heating  Was  necessary  to  maintain  the  current. 
The  voltage  between  the  electrodes  was  about  200  volts,  but  when 
the  electronic  current  of  several  amperes  was  established  it  dropped 
to  30  or  40  volts.  This  potential  difference  was  generally  deter- 
mined by  the  nature  of  the  anode. 

The  life  of  the  carbon  strip  depends  on  the  pressure  of  gas  in  the 
vessel  in  which  it  is  placed,  the  amount  of  the  oxides  coated  on  it, 
the  amount  of  the  heating  current  sufl&cient  to  cause  emission  of 
electrons  to  vaporize  the  metal  of  the  anode,  and  the  strength  of  the 
electronic  current.  It  was  necessary  to  keep  the  electrodes  near 
each  other  and  vaporize  the  metal.  For  Cd,  Pb,  and  Bi,  the 
distance  was  about  i  cm  when  the  potential  difference  between 
the  electrodes  was  about  200  volts.  After  20  or  30  minutes,  the 
carbon  strip  became  gradually  porous  and  broke  down;  but 
generally  the  anode  metal  was  all  vaporized  before  the  carbon 
fell  to  pieces.  The  life  of  the  strip  was  longer,  the  harder  the 
carbon;  generally  initial  over-heating  was  unfavorable,  but  when 
metallized  with  the  anode  material,  the  life  was  much  longer. 
The  metal  was  molten  in  a  silica  tube  of  about  2  mm  internal 
diameter,  and  came  in  contact  with  the  end  of  an  iron  lead-wire. 
With  metals  of  high  melting-point,  such  as  copper,  iron  or  tungsten, 
wires  of  these  metals  were  taken.  For  examining  salts,  it  was 
necessary  to  have  a  thin  wire  of  a  conducting  substance  passing 
through  the  salt.  For  studying  powders  of  molybdenum  or 
iodine,  the  powders  were  pressed  into  a  silica  tube.  It  was  found 
advantageous  to  use  different  sizes  of  silica  tube  for  dift'erent  sub- 


5  ^H 


PLATE  VI 


3397 

3596 

41 2  J 

Jill! '' 

iiiiiiiiiiiiif' 

430S 

w 

47-'-' 

r^Bi 

SK 


o  I coo  A 


0.1054  A 


o. 1420  A 


:^02A 


o  1 908  A 


Satellites  of  Lixes  of  Bi.-muth 


MINOR  CONTRIBUTIONS  AND  NOTES  325 

stances.  The  anodes  and  cathodes  sketched  above  were  placed 
in  a  brass  tube  of  about  4  cm  internal  diameter  and  27  cm  long, 
and  provided  with  a  silica  plate  cover,  while  the  other  end  was 
closed  by  an  ebonite  plug,  through  which  the  electrodes  were  led. 
Owing  to  excessive  heating,  the  tube  was  water-jacketed  and  the 
interior  of  the  tube  protected  by  inserting  a  thin  mica  cylinder. 
The  tube  was  evacuated  by  a  Gaede  mercury  pump,  and  the 
pressure  maintained  nearly  constant  during  the  experiment  and 
kept  much  below  i  mm  of  mercury.  It  was  afterward  found 
advantageous  to  use  a  shorter  but  wider  tube,  with  which  lines  of 
bismuth  were  studied.  On  increasing  the  heating  current,  the 
carbon  strip  was  surrounded  by  a  glow,  and  bright  spots  appeared 
at  the  anode  which  gradually  spread  over  the  whole  surface  of  the 
silica  tube  exposed  to  cathode  bombardment. 

The  intensity  of  the  light  depends  on  the  current.  The  surface 
of  carbon  cathode  emits  a  continuous  spectrum  interspaced  with 
bands,  but  they  do  not  interfere  with  the  spectroscopic  investiga- 
tion, as  the  light  from  the  anode  only  is  focused  on  the  slit  of  the 
spectroscope.  The  anode  light  is  very  intense,  so  that  satellites 
of  the  bismuth  line  X4722  can  be  distinctly  photographed  by  an 
echelon  grating  with  exposure  of  30  seconds  only.  With  metals 
of  low  melting-point,  the  potential  difference  of  200  volts  is  suffi- 
cient to  bring  out  good  results,  but  with  iron  and  other  refractory 
substances,  it  is  necessary  to  use  higher  voltages. 

A  glance  at  Plate  VI  will  show  how  distinctly  the  satellites 
of  the  bismuth  lines  XX  4722,  4308,  4122,  3596,  3511,  3397  can  be 
photographed,  by  means  of  a  quartz  Lummer-Gehrcke  plate  and 
spectrograph  of  the  same  material  by  using  the  extraordinary  ray. 
All  the  lines  were  taken  on  a  single  plate  with  an  exposure  of  5 
minutes.  The  lines  are  not  measured,  as  the  orders  of  spectra  of 
the  satellites  are  not  definite  with  a  single  plate;  only  with  crossed 
spectra  can  we  determine  the  orders. 

We  have  to  thank  Mr.  T.  Mishima,  assistant  in  the  Institute  of 
Physical  and  Chemical  Research,  for  his  kind  assistance  during  the 
progress  of  the  present  work. 
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A    :vrODIFICATION    OF    THE    ELECTRON    THEORY    OF 

DISPERSION,  TO  ACCOUNT  FOR  THE   CHANGE  OF 

REFRACTIVE    INDEX   WITH    TE:\IPERATURE 

ABSTRACT 

Electron  tlicory  of  dispersion. — Attention  is  called  to  the  fact  that  W.  \'oigt  was 
the  first  to  modify  the  Lorentz  theory  in  such  a  way  as  to  explain  the  change  of  refrac- 
tive index  'with  lemperalurc. 

Under  the  foregoing  title  Mr.  Hulburt  published  in  this  Journal^ 
an  article  in  which  he  modified  the  Lorentz  electron  theory,  in 
order  to  explain  the  decrease  of  the  refractive  index  with  increasing 
temperature. 

Exactly  the  same  modification  of  the  electron  theory  was 
developed  for  the  same  purpose  by  the  late  Professor  W.  Voigt  in 
his  paper,  ''Contributions  to  the  Electron  Theory  of  Light,"  pub- 
lished in  the  year  1901.^ 

Voigt  starts  from  the  equation  of  motion  of  the  dispersion 
electron  in  the  well-known  form 

(where  the  subscript  5  denotes  the  sih  t>pe  of  electron)  and  he  as- 
sumed that  the  quantities  ks  and  fs  are  changed  by  the  influence 
of  a  thermal  or  mechanical  deformation. 

In  case  of  the  deformation  being  caused  by  the  change  of 
temperature,  Voigt  showed  that  the  refractive  index  fx  of  transparent 
isotropic  media  is  expressed  by 


— 2 


4x.V.(i-A)-^^^ 


where  .V^  is  the  number  of  electrons  of  the  5th  t>q3e  per  unit  volume, 
X  the  wave-length  of  \abration,  c  the  velocity  of  light  in  vacuo 
and  A  the  dilatation  produced  by  the  change  of  temperature; 
the  sum  is  to  be  extended  to  all  t>pes  of  electrons  of  the  medium. 

^  Astrophysical  Journal,  51,  223,  1920. 
^  Annalen  der  Physik  (4),  6,  459,  1901. 
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This  formula  corresponds  to  equation  6  of  ]\Ir.  Hulburt's 
paper;  his  remark  that  no  previous  attempt  has  been  made  to 
explain  quantitatively  the  change  of  the  refractive  index  with 
temperature,  on  the  basis  of  the  electron  theory  of  dispersion,  is 
therefore  erroneous. 

G.  SZIVESSY 
MtJXSTER  i/W. 
November  1920 

ON  THE  PRESSURE  IN  THE  ATMOSPHERES  OF 
THE  STARS 

ABSTRACT 

Pressure  in  the  atmospheres  of  Arctiirus  and  Procyon. — A  comparison  of  radial- 
velocity  measurements  of  lines  known  to  show  large  pressure-shifts  with  those  of  other 
lines  seems  to  indicate  pressures  of,  respectively,  about  3  and  2  times  that  of  the 
sun  in  the  atmospheres  of  these  two  stars.  However,  it  is  not  certain  that  the  small 
positive  shifts  observed  are  due  to  pressure. 

Permit  me  to  call  attention  to  the  measures  of 'the  pressure  in 
the  atmospheres  of  the  stars  from  observations  of  the  displacements 
of  the  lines  of  the  classes  a,  b,  c,  d,  of  Gale  and  Adams. ^  I  should  be 
interested  to  know  if  my  results  are  confirmed  with  the  more 
powerful  instruments  in  America.  With  the  use  of  Hartmann's 
spectrocomparator,  I  have  compared  the  spectrum  of  Arcturus 
and  of  Procyon  with  that  of  the  sun  on  plates  obtained  with  the 
spectrograph  arranged  by  M.  Hamy  in  connection  with  the 
equatorial  coude.  The  scale  of  these  spectrograms  is  i  mm  =  4A 
at  X4300. 

The  difference  in  radial  velocity  was  first  determined  from 
reference  to  the  arc  lines  and  from  reference  to  the  enhanced  lines. 
When  those  lines  only  were  used  which  appeared  sufficiently 
isolated  in  Rowland's  map,  the  difference  in  displacement  was 
found  to  be  +0.2  km/sec.  for  Arcturus,  and  +0.5  km/sec.  for 
Procyon.  This  is  in  good  agreement  with  the  values  of  o .  08  and 
0.58  km/sec,  respectively,  found  by  W.  S.  Adams^  with  a  more 
powerful  instrument. 

Afterward  I  determined  the  difference  between  the  radial  velocity 
of  the  star  obtained  (i)  with  the  lines  of  classes  a  and  b,  and  the 

^  Astrophysical  Journal,  35,  31,  1912.  '  Ibid.,  33,  67,  1911. 
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radial  velocity  obtained  {2)  with  the  iron  lines  of  class  c  and  with 
those  lines  of  titanium  shifting  strongly  under  pressure.  The 
result  was  +0.7  km/sec.  for  Arcturus,  and  +0.3  for  Procyon, 
which  would  correspond  to  an  average  displacement  of  o.oio  A 
for  Arcturus  and  0.004  A  for  Procyon  at  X4400.  If  these  dis- 
placements are  due  to  pressure,  it  would  be  inferred  that  the 
pressure  in  the  atmosphere  of  Arcturus  is  three  atmospheres 
greater  than  that  in  the  sun,  while  that  in  the  atmosphere  of 
Procyon  would  not  exceed  that  of  the  sun  by  more  than  one  or 
two  atmospheres. 

In  the  region  between  X4200  and  X4700, 1  was  able  to  measure 
only  one  line  of  class  d,  namely  4233  .61  (Fe).  Compared  with  the 
mean  from  all  the  other  lines,  the  displacement  of  this  line  would 
be  +0.006  A  for  Arcturus  and  only  +0.004  ^^  for  Procyon. 

If  these  results  shall  be  confirmed  by  observations  with  more 
powerful  instruments,  they  will  tend  to  prove  that  the  pressures 
in  the  atmospheres  of  the  stars  are  very  slightly  greater  than  that 
of  the  sun,  until  t^^De  F  inclusive  is  reached.  The  slight  displace- 
ment of  the  line  of  class  d  would  even  suggest  that  the  small 
displacements  observed  are  not  due  to  pressure. 

P.  Salet 

Observatoire  de  Paris 
Februaty  g,  iq2I 
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ON  THE  MEASUREMENT  OF  POLE-EFFECT  AND  ITS 
CONNECTION  WITH  MAGNETIC  SEPARATION 

By  H.  NAGAOKA 
ABSTRACT 

Method  of  measuring  minute  shifts  of  spectral  lines. — By  using  a  displaceable  slit 
and  by  interposing  an  echelon  or  Lummer-Gehrcke  plate  between  the  source  and  the 
spectrograph,  the  same  lines  from  two  parts  of  an  arc  or  from  any  two  sources  may  be 
photographed  side  by  side  and  shifts  of  one  or  two  milli-angstroms  can  be  determined 
from  the  displacement  of  the  interference  points,  if  the  lines  are  sharp  and  are  not 
interfered  with  by  neighboring  lines.  The  method  could  be  used  for  the  comparison 
of  spectra  of  isotopes  or  for  a  study  of  the  pole-effect.  As  a  comparison  source,  the 
vacuum  discharge  from  a  lime  cathode  of  carbon  is  recommended  as  both  intense  and 
free  from  pole-efifect. 

Relation  of  pole-effect  to  Zeemati  effect  for  iron  lines. — As  Gale  and  Adams  have 
found  a  relation  between  pressure-shift  and  magnetic  separation  for  lines  of  the  same 
type,  it  might  be  expected  that  the  pole-effect  also  varies  with  the  Zeeman  effect; 
but  a  study  of  the  available  data  shows  that  for  positive  shifts  of  pole-effect  there  is 
no  correlation  and  for  negative  shifts  the  magnetic  separation,  if  anything,  seems  to 
decrease  as  the  amount  of  the  shift  increases. 

The  so-called  "pole-effect"  is  evidently  a  complicated  phe- 
nomenon, in  which  the  shift  of  the  spectrum  lines  due  to  pressure, 
the  length  of  the  arc,  the  velocity  of  electrons  and  of  ions,  the 
potential  gradient  near  the  electrodes,  and  other  minor  causes  are 
involved.  These  various  elements  contributing  to  the  pole-effect 
act  simultaneously,  and  at  present  it  seems  next  to  impossible  to 
separate  and  identify  them.     According  to  the  investigations  of 
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St.  John  and  Babcock,'  the  Pfund  arc  with  carbon  as  the  negative 
pole  is  almost  free  from  the  pole-effect,  and  may  be  used  for  the 
comparison  of  wave-lengths;  in  fact  it  is  planned  to  use  the  iron 
lines  as  secondary  standards.  The  practical  need  of  determining 
wave-lengths  to  a  thousandth  of  an  angstrom,  makes  necessary 
the  easy  measuring  of  pole-efifect,  to  determine  whether  or  not  the 
required  exactness  can  be  obtained  with  the  arc.  By  the  method 
employed  by  St.  John  and  Babcock,  exact  measurement  can  be 
obtained,  but  the  apparatus  requires  much  space;  a  far  simpler 
arrangement  may  be  applied  practically  for  testing  the  presence 
of  pole-effect. 

The  method  which  I  have  employed  may  be  called  that  of  slit- 
displacement.  The  narrow  vertical  slit  of  a  spectroscope  is  so 
constructed  that  by  means  of  a  fine  screw,  the  slit  may  be  shifted 
smoothly  by  nearly  the  amount  of  its  width  in  a  horizontal  direc- 
tion, so  that  in  one  position  of  the  slit  the  spectrum  of  the  standard 
arc  can  be  photographed,  and  in  the  shifted  position  that  of  the 
arc  to  be  tested.  The  spectroscope  must  of  course  be  of  high 
resolution;  it  may  be  a  Fabry-Perot  interferometer,  a  Lummer- 
Gehrcke  plate,  or  an  echelon  grating,  all  of  which  have  in  general 
resolving  powers  greater  than  a  six-inch  grating.  For  this  pur- 
pose, the  light  from  the  portion  of  the  arc  to  be  examined  is  made 
to  fall  on  the  interferometer;  and  the  transmitted  light  is  received 
on  the  collimator  of  a  spectrograph  with  the  displaceable  slit 
before  mentioned.  The  spectrograph  which  I  used  was  provided 
with  a  Cornu  prism  of  quartz,  the  objective  of  the  collimator  and 
of  the  camera  lens  being  made  of  the  same  material.  Very  good 
results  were  obtained  with  a  Lummer-Gehrcke  plate  of  quartz. 
The  photographs  were  tolerably  sharp  and  extended  to  the  ultra- 
violet. On  a  single  photographic  plate,  a  spectral  region  extend- 
ing over  looo  angstroms  can  be  obtained  with  good  definition. 

The  light  to  be  measured  is  focused  on  the  horizontal  slit  of 
an  echelon  spectroscope,  with  the  edges  of  the  plates  horizontal; 
after  passing  the  echelon,  the  light  is  brought  to  a  focus  and  then 
projected,  by  means  of  a  micro-planar,  on  to  the  displaceable  slit 
of  a  prism  spectrograph,  and  the  spectrum  photographed.     The 

'  Aslrophysical  Journal,  46,  138,  1917. 


THE  MEASUREMENT  OF  POLE-EFFECT  331 

spectrum  consists  of  a  series  of  interference  points  arranged  in 
vertical  lines,  which  in  the  absence  of  the  echelon  grating  would 
correspond  to  continuous  lines.  On  account  of  the  thickness 
(nearly  36  cm)  of  the  glass  echelon  grating  used  in  the  experi- 
ment, it  was  not  possible  to  go  far  into  the  ultra-violet  region. 
By  using  a  photographic  objective  of  sufficiently  long  focus,  it  was 
possible  to  obtain  spectrograms  with  sufficiently  large  intervals 
for  successive  spectra  to  show  the  pole-effect.  The  interval  for 
successive  orders  of  spectra  in  the  foregoing  experiment  was  about 
0.400  A  for  X  5000,  so  that  it  was  easy  to  observe  a  shift  of  0.002  A. 
With  the  quartz  plate,  the  interval  was  about  one-half  of  the  above 
amount;  consequently  the  measurement  could  be  pushed  to  about 
o.ooi  A.  In  all  these  experiments,  the  great  drawback  was  the 
indefiniteness  of  the  interference  points;  in  other  words,  the  lines 
from  an  iron  arc  in  air  are  broader  than  those  from  a  vacuum  arc; 
the  consequence  is  that  the  position  of  the  center  of  the  interfer- 
ence points  is  difficult  to  measure,  and  the  error  of  observation  is 
thus  not  very  small.  On  the  contrary,  the  same  experiment  with 
the  iron-iron  arc  at  no  volts,  or  by  cathode  bombardment,  both 
in  vacuum,  gives  extremely  well-defined  interference  points,  whose 
mean  position  can  be  determined  with  great  accuracy.  In  this 
respect,  the  arc  in  air  is  far  inferior  to  that  in  vacuum,  and  is  also 
subject  to  various  fluctuations,  which  cannot  at  present  be  avoided, 
so  long  as  it  is  operated  in  air. 

The  foregoing  method  is  open  to  the  objection  that  the  source 
under  investigation  and  the  comparison  spectrum  cannot  be  photo- 
graphed simultaneously.  This  can,  however,  be  in  a  great  part 
eliminated  by  photographing  the  lines  to  be  compared  in  succes- 
sive steps  in  reverse  order  and  by  taking  the  mean.  The  echelon 
grating  is  more  sensitive  to  a  change  of  temperature  than  the 
Lummer-Gehrcke  plate,  but  as  it  takes  only  a  few  minutes  for 
each  exposure,  the  variation  arising  from  the  change  of  tem- 
perature, if  due  precaution  be  taken,  is  generally  negligibly  small. 

Apart  from  the  pole-effect,  the  process  sketched  above  will  be 
of  some  importance  in  comparing  the  spectra  of  isotopes,  in  which 
the  difference  in  wave-length,  such  for  example  as  ordinary  lead 
and  radio-lead,  is  according  to  Aronberg  and  Merton  of  the  order 
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of  a  few  milli-angstroms.  For  very  fine  measurements,  the  source 
of  light  obtained  by  cathode  bombardment  of  the  elements  is 
strongly  to  be  recommended,  for  otherwise  the  appearance  of 
interference  points  is  rather  vague  and  ill-defined,  so  that  the 
comparison  is  not  free  from  errors  of  setting.  As  the  question  of 
the  isotopes  is  at  present  attracting  the  attention  of  chemists  and 
physicists,  it  will  not  be  out  of  place  to  mention  a  method  which, 
though  originally  intended  for  the  purpose  of  studying  pole-eflfect, 
will  be  useful  for  the  spectral  investigation  of  the  isotopes,  and 
other  problems  of  similar  nature,  in  which  the  determination  of  a 
small  difference  in  wave-length  is  aimed  at.  The  accompanying 
photographs  (Plate  VII)  show  a  comparison  of  an  iron  arc  at  the 
center  and  at  the  negative  pole,  and  were  obtained  by  the  above- 
mentioned  process  with  a  Lummer-Gehrcke  plate  of  quartz. 

In  the  upper  figure,  the  left  column  of  interference  points  refers 
to  the  center,  and  the  right  column  to  the  negative  pole  of  6-mm  arc. 
The  shift  of  the  lines  is  indicated  by  the  inclination  of  the  line 
joining  the  neighboring  points,  and  the  sense  of  the  shift  is  also 
apparent  from  that  of  inclination.  In  the  figure,  the  positive  shift 
is  given  by  a  clock-wise  rotation.  Unfortunately  the  dispersion  of 
the  quartz  prism  is  not  large  enough  to  separate  lines  lying  close 
together,  so  that  the  shift  is  masked  by  the  presence  of  neighboring 
lines.  For  applying  the  method  successfully,  higher  dispersion  is 
necessary  to  prevent  the  intrusion  of  other  lines.  The  interval 
between  successive  interference  points  is  0.133  A  for  X  4000,  so 
that  the  shift  can  be  easily  determined  to  a  few  thousandths  of  an 
angstrom. 

The  lower  figure  shows  an  iron  spectrum  excited  by  a  lime 
cathode.  The  interference  points  are  more  distinct  than  those 
given  by  an  ordinary  arc,  but  many  lines  show  unsymmetrical 
reversals.  The  position  of  the  points  can  however  be  determined 
with  greater  accuracy,  so  that  for  purposes  of  exact  measurement 
of  wave-length  the  cathode  excitation  will  be  found  to  give  definite 
results,  as  many  causes  contributing  to  pole-effect  are  eliminated 
by  placing  the  source  of  light  in  a  high  vacuum. 

Let  us  now  pass  to  the  second  part  of  the  discussion.  However 
complex  the  causes  of  pole-effect  may  be,  an  apparent  connection 
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THE  MEASUREMENT  OF  POLE-EFFECT 
TABLE  I 
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Wave-Length 
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3703 

3721 

3735 
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3811 
3814 
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3920 
3928 
3941 
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28 


Type 


7  ? 
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3 
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3 
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+  19 
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with  the  magnetic  separations  seems  to  have  been  but  little  noticed. 
Gale  and  Adams'  remark  that  there  is  some  relation  between 
pressure-shift  and  magnetic  separation  for  iron,  when  lines  of  the 
same  group  and  of  the  same  type  of  separation  are  compared.  As 
pressure-shift  is  directly  connected  with  pole-effect,  the  relation 
between  the  pole-effect  and  magnetic  separation  may  be  con- 
sidered as  a  consequence  of  the  fact  noticed  by  Gale  and  Adams. 
In  comparing  the  magnetic  separation  of  iron  lines  made  by 
A.  S.  King,^  we  at  once  notice  that  the  pole-effect  has  some  intimate 
connection  with  it.  The  lines  of  iron  examined  by  King  for  the 
Zeeman  effect  and  by  St.  John  and  Babcock  for  pole-effect  are  not 
always  the  same,  so  that  a  complete  comparison  is  impossible,  but 
there  are  many  lines  common  to  these  investigations,  which  shed 
some  light  on  the  connection  between  the  two. 

Tables  I  and  II  give  the  wave-length,  the  types  of  magnetic 
separation,  the  amount  of  magnetic  separation  of  the  normal  com- 
ponent as  given  by  King,  and  the  displacement  of  the  lines  from 

'  Astro  physical  Journal.  35,  10,  1912. 

'  Papers  of  the  Ml.  Wilson  Solar  Observatory,  2,  Part  I,  1912. 
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the  negative  pole  compared  with  the  center  of  the  arc  measured 
in  thousandths  of  an  angstrom,  taken  from  St.  John  and  Bab- 
cock's'  paper. 

From  the  tables  we  notice  that  the  t>pes  of  magnetic  separa- 
tion are  uncertain  for  many  lines  with  pole-eflfect.  There  is  a 
group  of  such  lines  extending  from  X  440^^  to  X  523^^  showing  a 
positive  pole-effect;  nearly  all  the  lines  in  this  interval  given  in 
the  table  are  of  doubtful  t\-pes.  With  the  negative  effect,  this  is 
more  strongly  marked.  In  the  latter  case,  the  connection  between 
the  amount  of  separation  and  the  pole-effect  is  more  definite  than 
in  the  former.  When  the  mean  normal  separation  is  plotted 
against  the  negative  pole-effect,  the  mean  position  of  the  points 
is  nearly  represented  by  a  straight  line,  which  is  shown  in  Figure  i. 
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It  shows  that  the  amount  of  separation  is  not  at  all  proportional 
to  the  pole-effect,  but,  on  the  contrary,  it  tends  to  become 
smaller  as  the  pole-effect  increases. 

Further  we  notice  that  many  lines  showing  large  pole-effect 
are  diffuse,  and  are  sometimes  blended  or  fringed.  Generally 
speaking,  the  Zeeman  effect  is  characterized  by  the  s}Tnmetry  of 
the  separated  lines,  with  only  small  exceptions.  The  line  of 
symmetry  is  generally  the  line  in  the  undisturbed  position,  so  that 
even  if  the  tj'pe  of  separation  is  not  exactly  known,  the  initial 
position  will  remain  unaltered.  The  uncertainty  may  arise  from 
the  unsymmetrical  reversal  of  the  lines  or  the  widening  of  the 
lines  due  to  the  magnetizing  field.  Especially  will  the  unsym- 
metrical widening   tend   to  make  the  separation  indefinite.     In 

'  Aslrophysical  Journal,  42,  231,  1915. 
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addition  to  this,  the  length  of  the  arc  and  the  nature  of  the  material 
will  greatly  affect  the  vapor-pressure  and  the  potential-gradient 
at  the  poles,  and  consequently  produce  the  pole-effect.     A  direct 
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connection  between  magnetic  separation  and  pole-effect  does  not 
seem  to  exist,  but  the  lines  of  uncertain  separation  show  a  positive 
or  a  negative  pole-effect,  on  account  of  their  being  either  diffuse 
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or  blended,  of  widening  or  displacing  unsymmetrically  under 
pressure.  Other  causes,  as  electrostatic  effect,  the  potential  fall 
at  the  poles,  and  the  reversal  of  lines,  will  have  some  influence  in 
producing  the  effect. 

Considering  the  various  changes  to  which  the  iron  arc  in  air  is 
susceptible,  the  wave-length  of  the  iron  lines  may  be  somewhat 
dift'erent  according  to  the  experimental  circumstances.  If  the 
accuracy  sought  for  the  comparison  is  of  the  order  of  a  miUi- 
angstrom,  it  is  highly  desirable  to  use  the  iron  arc  obtained  by 
the  cathode  bombardment. 

My  thanks  are  due  to  Mr.  T.  Mishima  and  Mr.  S.  Sakurai, 
assistants  in  the  Institute  for  Physical  and  Chemical  Research,  for 
assisting  in  the  experiments  and  calculations. 
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THE  STRUCTURE  OF  THE  BISMUTH  LINES 

By  H.  NAGAOKA  and  Y.  SUGIURA 
ABSTRACT 

Structure  of  the  bismuth  lines  XX  4722,  4308,  and  4122. — The  intense  light  pro- 
duced by  bombarding  bismuth  with  a  large  electronic  current  from  a  limed  carbon 
cathode  was  analyzed  by  crossing  (i)  an  echelon  grating  with  a  glass  Lummer- 
Gehrcke  plate  and  (2)  the  glass  Lummer-Gehrcke  plate  with  one  of  quartz,  to  elimi- 
nate ghosts.  Ten  photographs  thus  obtained  are  reproduced.  For  the  line  X  4722 
the  five  positive  components  found  by  previous  obser\'ers  were  confirmed  and  in 
addition  seven  weak  negative  satellites  were  discovered,  showing  that  the  line  has 
the  same  general  structure  as  most  lines  of  hea\y  metals.  The  principal  component 
is  probably  multiple,  though  it  has  not  yet  been  resolved.  Line  X4122  has  four 
strong  components.  Line  X  4308  consists  of  two  principal  lines  0.350  A  apart,  each  of 
which  is  a  narrow  doublet;  in  addition  there  are  two  faint  satellites.  The  authors 
point  out  some  constant  frequency-diiferences  common  to  the  satellites  of  these  lines 
and  suggest  that  they  may  be  interpreted  in  terms  of  the  quantum  theor\'. 

Fluctuations  of  relative  intensity  of  the  parts  of  the  central  component  of  the  Bi  line 
X  4722  were  obser\'ed. 

The  structure  of  the  bismuth  line  X4722,  studied  by  Baeyer 
and  Gehrcke,'  Takamine,^  Lunelund,^  and  Wali-Mohammad/  was 
investigated  by  L.  Aronberg^  with  a  ten-inch  Michelson  plane 
grating.  He  showed  that  the  satellites  found  by  Baeyer  and 
Gehrcke  and  Takamine  are  nearly  correct.  The  bismuth  line  was 
excited  by  cathode  particles  as  in  the  experiments  of  Takamine, 
but  Baeyer  and  Gehrcke  used  a  bismuth  arc,  and  they  arrived  at 
the  same  result;  the  discrepancy  between  the  observations  of 
Lunelund  and  Wali-Mohammad  lay  principally  in  the  nature  of 
the  instrument,  as  the  orders  of  the  spectra  observed  with  an 
echelon  grating  are  ambiguous  and  may  be  interpreted  in  various 
ways.  Another  curious  feature  in  the  distribution  of  the  satelHtes 
of  this  line  was  its  one-sidedness.  IMost  of  the  satellites  hitherto 
investigated,  and  especially  those  of  mercury  lines,  are  on  both  sides 

'  Annalen  der  Physik,  20,  285,  1906. 

^Proceedings  of  the  Tokyo  Mathematical  and  Physical  Society,  8,  February  1915. 

3  Annalen  der  Physik,  34,  505,  1911. 

*  Astrophysical  Journal,  9,  189,  1914.  5  Ibid.,  47,  102,  1918. 
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of  the  principal  line,  so  that  the  5X's  are  both  positive  and  nega- 
tive; with  the  bismuth  Hne,  they  are  confined  to  the  positive  side 
only.  We  have  no  doubt  as  to  the  order  of  the  grating  spectra, 
and  the  position  is  uniquely  determined;  the  only  objection  is, 
however,  the  weakness  of  the  spectra  of  higher  orders,  so  that 
only  with  long  exposures  can  we  photograph  all  the  satellites. 
Some  doubts  were  expressed  concerning  Takamine's  photographs, 
as  faint  traces  of  dots  were  visible  in  the  immediate  neighborhood 
of  the  positive  satellites,  which  appeared  as  distinct  interference 
points.  This  seemed  to  be  due  to  some  instrumental  error,  and 
no  measurements  were  made  on  them.  With  the  lime  cathode  of 
carbon,  which  we  have  recently  developed  for  spectroscopic  work, 
currents  of  2.5  to  4 . 5  amperes  could  be  maintained  for  some  time 
between  the  cathode  and  the  anode  of  the  metal  to  be  studied,  so 
that  it  was  interesting  to  test  the  singularity  in  the  structure  of  the 
bismuth  line  with  new  and  powerful  means  of  excitation,  and  by 
using  a  Lummer-Gehrcke  plate  of  glass  and  one  of  quartz,  which 
can  be  crossed  with  each  other  to  detect  the  presence  of  ghosts. 
By  this  means  we  found  that  the  satellites  are  not  confined  to  the 
positive  side  only,  but  there  are  many  faint  components  on  the 
negative  side,  so  that  the  structure  of  the  bismuth  line  is  similar 
to  most  of  the  complex  lines  of  other  elements. 

The  instruments  used  were  as  follows,  and  were  all  made  by 
Hilger: 

An  echelon  grating  of  35  plates,  thickness  of  each  plate  9.350 
mm  with  steps  of  i  mm;  resolving  power  435,000  for  wave-length 
X  5000. 

A  Lummer-Gehrcke  plate  of  light  flint  glass;  length  20  cm, 
thickness  i. 091 16  cm,  resolving  power  400,000. 

A  Lummer-Gehrcke  plate  of  quartz;  length  13  cm,  thickness 
4.724  mm,  resolving  power  566,000. 

The  spectra  were  photographed  by  means  of  a  micro-planar  of 
7 . 5  cm  focal  length,  after  crossing  the  echelon  grating  and  the 
glass  plate,  while  those  produced  by  crossing  the  plates  of  glass 
and  quartz,  using  the  extraordinary  ray,  were  photographed  with 
a  large  quartz  spectrograph  provided  with  a  Cornu  prism.  The 
crossed  spectra  so  obtained  were  examined  with  a  micrometer 
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— BiX4722. 
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— Bi  \4122. 
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— Bi  X4122. 

Fig. 

8 

— Bi  X4122. 
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II 

— Bi  X4308. 

Fig. 

13 

— Bi  X4308. 

Fig. 

14 

— Bi  X4308. 

Fig. 

15 

— Bi  X4308. 

Glass  L.  G.  plate  crossed  with  quartz  L.  (j.  plate 

Echelon  crossed  with  L.  G.  plate 

Echelon 

Glass  L.  G.  plate  crossed  with  quartz  L.  G.  plate 

Echelon  crossed  with  glass  L.  G.  plate 

Echelon 

Echelon  crossed  with  glass  L.  G.  plate 

Quartz  plate 

Horizontal  echelon 

Echelon 
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microscope  and  with  a  comparator.  As  we  had  no  experience 
with  the  crossing  of  the  quartz  plate,  a  preliminary  experiment 
was  made  on  the  mercury  line  X4359.  The  measurement  of  the 
plate  showed  close  coincidence  in  the  position  of  the  satellites,  as 
already  given  by  one^  of  us  from  a  combination  of  a  Lummer- 
Gehrcke  plate  with  a  Fabry-Perot  interferometer. 

Structure  of  the  line  X  4722. — ^Crossed  spectra  of  X  4722,  obtained 
by  the  combination  of  the  glass  and  quartz  plates,  and  by  the 
echelon  grating  and  the  glass  plate,  are  shown  in  Figures  i  and  2 
(Plate  Vm).  The  former  shows  at  once  a  number  of  components 
which  are  more  numerous  than  those  hitherto  given,  while  the 
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Fig.  3. — Quartz  and  glass  plates  Fig.  4. — Glass  plate  and  echelon 

latter  is  almost  similar  to  the  photograph  obtained  by  Takamine, 
but  is  marked  by  a  number  of  weak  interference  points,  very  near 
to  those  whose  position  has  been  already  determined  by  previous 
investigators.  These  weak  points  evidently  correspond  to  spectra 
of  higher  order;  by  following  the  line  connecting  them,  they  are 
found  to  belong  to  the  negative  components.  The  existence  of 
false  lines  due  to  certain  instrumental  errors,  such  as  reflection 
within  the  echelon  plates,  may  be  suspected,  but  comparison  with 
the  crossed  spectra  of  the  Lummer-Gehrcke  plates  will  at  once 
decide  the  question  whether  or  not  the  doubtful  wave-lengths  are 
real.  On  studying  the  points,  we  found  that  they  are  arranged 
according  to  the  following  scheme  (Figs.  3  and  4).     The  negative 
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components  are  very  faint  and  the  exact  position  rather  difficult  to 
make  out;  consequently  the  error  of  setting  during  the  measure- 
ments is  not  small,  and  the  coincidence  in  the  position  of  the  lines 
is  not  perfect,  as  with  the  positive  components. 


TABLE  I 


Crossed 

Spectr.^ 

Crossed  Spectra 

Mean 

Intensity 

Glass  Plate 

Quartz  Plate 

Glass  Plate 

Echelon 

0.316  A 

O.314A 

0.320  A 

0.318  A 

0.317  A 

7 

281 

282 

28s 

287 

284 

7 

241 

238 

243 

243 

243 

8 

179 

179 

? 

? 

179  ? 

I 

102 

lOI 

103 

102 

102 

6 

56 

58 

56 

58 

57 

8 

0 

0 

0 

0 

0 

10 

faint 

faint 

-        31 

-        32 

-       32 

I 

faint 

68 

-        76 

-        78 

-       72 

I 

—     122 

-     124 

—      109  ? 

-      126 

-     124 

0.5 

-     167 

-     168 

-      155 

—      169 

-      165 

0-5 

—     219 

—     219 

-      218 

-      216 

-     218 

3 

-     295  d* 

-     293  d 

—      263 

-      265 

-     279 

I 

-0.328  d 

-0.330  d 

—  0.322 

—  0.321 

-0.328 

I 

*  d  =  diffuse 


TABLE  II 


Gehrcke  and 
Baeyer 

Takamine 

Aronberg 

Nagaoka  and 
Sugiura 

0.316  A 
289 
242 
104 

57 
0 

0.320  A 

284 

238 

102 

56 

0 

O.318A 

284 

240 

102 

56 

0 

0.317  A 

284 

243 
102 

57 

0 

—       32 

—       72 

—     124 

-     165 

-     218 

—     279 

-0.328 

Further  comparison  with  the  echelon  spectrum  alone  was  made, 
but  as  several  components  on  the  positive  and  the  negative  side 
were  found  to  be  nearly  coincident,  as  shown  in  Figure  5  (Plate 
VIII),  the  question  was  difficult  to  settle  with  this  photograph. 
The  table  gives  the  position  of  the  sateUites  with  reference  to  the 
principal  line. 


STRUCTURE  OF  THE  BISMUTH  LINES  343 

The  coincidence  between  different  instruments  is  nearly  perfect 
for  the  positive  components,  but  with  weak  negative  components 
the  discrepancy  is  tolerably  large.  It  is  certain  that  with  intense 
light  we  can  observe  components  on  the  violet  side  of  the  principal 
line,  which  He  nearly  in  the  middle  of  the  numerous  satellites. 
This  is  the  general  characteristic  of  most  complex  lines,  and  the 
bismuth  line  X4722  presents  no  singularity,  which  the  old  deter- 
minations seemed  to  indicate. 

It  must,  however,  be  noticed  that  there  is  a  zinc  line  at 
X  4722. 164  in  the  neighborhood  of  the  bismuth  line.  The  line  is 
apparently  double  or  triple  but,  if  bismuth  contains  zinc  as  an 
impurity,  the  components  of  the  line  may  appear  as  satellites  and 
give  false  structure  to  the  bismuth  line.  Crossed  spectra  of  a 
mixture  and  zinc  were  taken,  showing  that  the  zinc  line  is  not  in 
line  with  bismuth  on  the  drawing.  Figure  3,  and  can  be  easily 
eliminated.  In  the  crossed  spectra  of  bismuth  given  in  Figures 
I  and  2,  there  is  no  indication  of  the  presence  of  zinc. 

Another  probability  is  the  intrusion  of  the  line  X  4733  belonging 
to  bismuth  into  the  crossed  spectra  of  X4722.  By  placing  the 
edge  of  the  echelon  horizontally,  the  position  of  the  line  relative 
to  X  4722  in  the  spectra  was  ascertained.  It  was  evident  that  the 
line  may  appear  as  satellite  +180  or  —328;  consequently  there  is 
some  doubt  as  to  whether  or  not  the  component  +179  may  be  due 
to  intrusion.     This  line  was  therefore  eliminated  from  the  table. 

The  blue  line  of  bismuth  thus  consists  of  more  than  a  dozen 
components  and  resembles  the  green  line  of  mercury,  X5461.  It 
is  perhaps  characteristic  of  such  heavy  elements  that  they  have  a 
large  number  of  lines  with  complex  structure.  The  lines  of  bis- 
muth, lead,  and  mercury,  including  the  band  spectra,  seem  to  be 
of  this  nature. 

Structure  of  the  line  \  4122. — The  bismuth  line  X4122  was 
studied  by  Kayser  and  Runge,  Gehrcke  and  Baeyer,  Lunelund, 
and  Takamine.  The  first-mentioned  physicists  give  the  line  as  a 
doublet,  the  second  as  a  triplet,  the  third  and  fourth  as  a  quartet, 
but  the  intervals  are  all  different. 

To  settle  this  point,  crossed  spectra  were  taken  as  shown  in 
Figures  6  and  7.     The  interpretation  of  the  spectra  is  graphically 
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represented  in  Figures  9  and  10.  The  principal  lines  are  denoted 
by  P  and  Q  in  the  figures,  the  interval  between  them  being  o .  200  A; 
they  are  accompanied  by  two  lines  on  the  positive  and  the  nega- 
tive side  as  given  in  the  table.     Taking  P  as  the  principal  line,  we 

have  the  following  lines. 

TABLE  III 


Crossed  Spectra 

Crossed  Spectra 

Mean 

Intensity 

Glass  Plate 

Quartz  Plate 

Glass  Plate 

Echelon 

P 

P 

Q 

q 

0.123  A 

0 
—  .201 
-0.321 

0.124  A 
0 
-    .199 
-0.321 

0 .  I  2  I  A 

0 

—    .  202 

0. 120  A 
0 
-    .198 
-0.317 

0.122  A 
0 

—    .200 
-0.321 

8 
10 
10 

8 

The  next  table  gives  the  comparison  of  different  determinations. 

TABLE  IV 


Gehrcke  and 
Baeyer 

Takamine 

Lunelund 

Kayser  and 
Runge 

Nagaoka  and 
Sugiura 

0.  150 

0 

—  0.210 

57 
4122.010 
41 2 1 .690 

-     58 

0.050 
0 

-  .050 

—  0.  no 

0.122 

4122.010 
4121  .690 

0 

—    .  200 
-0.321 

Evidently  Kayser  and  Runge  took  the  mean  points  of  the  first 
two  and  of  the  last  two  lines  as  a  doublet,  whose  interval  is  o  .32  A. 
In  the  interpretation  of  the  crossed  spectra  Takamine  seems  to  have 
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Fig.  9. — Echelon  and  glass  plate 


Fig.  to. — Glass  and  quartz  plates 


been  misled  by  Kayser  and  Runge's  value,  which  clearly  had  the 
above  meaning,  and  did  not  refer  to  the  interval  between  the 
doublets.     It  is  thus  seen  how  the  results  obtained  with  one  or 
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two  interferometers  are  sometimes  erroneous;  possibly  three  such 
instruments  will  be  necessary  to  solve  the  problem  of  the  distri- 
bution of  the  satellites  without  ambiguity. 

Structure  of  the  line  X  4308. — The  bismuth  line  X  4308  was 
examined  with  the  crossed  spectra  of  an  echelon  grating  and  a 
Lummer-Gehrcke  plate  as  shown  in  Figure  11,  but  the  details  are 
not  clearly  made  out;  it  will  perhaps  require  a  higher  voltage  to 
obtain  good  results.  The  principal  lines  form  a  doublet  at  dis- 
tance of  0.3 50 A,  and  each  line  is  a  doublet  at  interv^als  of  0.024 
and  0.023  A.  They  are  accompanied  by  two  faint  satellites 
0.117  and  —0.106,  from  m^ean  points  of  the  doublet  forming  the 
principal  lines  as  shown  in  Figure  12.     The  existence  of  the  faint 
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Fig.  12. — Structure  of  X  4308 


satellites  is  clear  from  the  photograph  obtained  with  the  quartz 
plate,  shown  in  Figure  13.  The  results  obtained  with  the  echelon 
grating  (Figs.  14  and  15),  glass  and  quartz  plates  agree  tolerably 
well  with  each  other.  This  line  had  not  been  investigated  by  other 
physicists,  so  that  we  have  no  other  data  with  which  to  compare 
the  measurements. 

Regularity  in  the  frequency  intervals.- — As  one  of  us  has  already 
noticed,  we  sometimes  meet  with  a  constant  difference  in  the  fre- 
quency of  the  satellites.  Such  was  found  to  be  the  case  with  the 
mercury  and  cadmium  lines;  the  bismuth  lines  seem  to  show  the 
same  characteristic,  which  is  evident  in  Table  V,  which  illustrates 

K\ 
the  difference  in  wave-numbers   hv=——  per  cm.     It   is   to  be 

remarked  that  the  differences  found  on  page  346,  Ai,  A,,  A3, 
are  nearly  in  the  ratio  5:3:2.  In  addition  to  this,  some  of  the 
differences  are  multiples  of  other  differences,  as  may  be  seen  from 
the  tables. 
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TABLE  V 


X 

5^X10= 

X 

^.-Xio' 

(A)  4122 

188.5 

(C)  4722 

-142.2 

117. 6 

-127.3 

-   71-8 

-  80.3 

-  45-8 

(B)  4308 

-  63.1 

-   25.6 

+  57.1 

0 

=fc   12.7 

14.4 
32-3 
55-6 
74.0 
97.8 
125.0 
147.0 

From  these  we  find : 

A:  117. 6—       0=117.6 

B:  188.5-71.8=116.7 

63.1  +  571  =  120.2 

C:  142.2  —  25.6  =  116.6 

147.0-32.3=114.7 


A: 

71.8-       0=71.8 

B: 

63.1  +  12.7  =  75.8 

C: 

147.0-74.0=73.0 

125.0-55.6  =  69.4 

74.0-       0=74.0 

45.8+25.6  =  71.4 

Mean=72.6  =  A 

147.0(0  =  2X73-5 

142.2  (C)  =  2X7i  .1 

Mean  144.6        =2X72. 3  =  2A2 

127.3  (0  =  2X63.6 
125.0  (0  =  2X62.5 


Mean  126. 1        =2X63.1(6) 


Mean  =  1 1 7  .  i  =  Ai 

A:  117.6  —  71.8  =  45.8 

B:     57.1-12.7  =  44.4 

45.8-       0  =  45.8 
C:  127.3-80.3  =  47.0 

97.8-55.6  =  42.2 

Mean=   5.0= A3 

25.6  (0  =  2X12.8  (B) 
188.5  (B)  =  3X62. 8(B) 
127. 1  (0  =  3X42.4  =  3^3 

71.8  (A)  =  5X14. 4(0 

63.1  (B)  =  5Xi2.6(B) 

The  interpretation  of  the  foregoing  results  will  probably  rest  on 
quantum  relations,  having  some  connection  with  the  electronic 
configuration  of  the  atom. 

With  heavy  elements,  it  is  clear  that  the  number  of  bound 
electrons  about  the  atomic  nucleus  is  numerous,  so  that  the  elec-' 
tronic  configuration  is  not  unique,  but  there  are  a  great  number 
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of  stable  distributions  of  electrons  which  differ  slightly  from  one 
another.  If  the  emission  of  light  takes  place  by  the  passage  of 
electrons  from  one  configuration  to  another,  the  difference  in  fre- 
quency in  a  slightly  varied  system  will  be  small,  if  the  initial  or 
the  final  system  be  but  little  different  from  the  system  giving  rise 
to  the  principal  line;  thus  the  existence  of  satellites  can  be  easily 
explained. 

Consider  that  the  emission  of  frequency  v  takes  place  according 
to  Bohr's  scheme 

where  h  is  Planck's  constant  and  Wi  and  W2  are  the  initial  and 
final  energy  of  the  electron;  then 

h{p+8u)  =  W,-W,+8W, 

where  8W  may  be  due  either  to  the  change  in  the  initial  or  final 
configuration  of  the  electrons,  or  in  both  configurations.  If  8W 
remains  constant  in  the  altered  system,  and  the  initial  orbit  of 
the  radiating  electron  remains  unchanged,  it  is  possible  to  have 
different  lines  with  constant  difference  in  frequency.  Thus  the 
regularity  in  the  frequency  differences  is  probably  to  be  ascribed 
to  the  small  variation  in  the  initial  or  final  configuration  of  the 
radiating  electrons. 

In  the  experiments  here  described,  the  lines  were  excited  by 
swiftly  moving  cathode  particles;  the  voltage  was  perhaps  insuf- 
ficient to  bring  out  minute  details  of  the  component  satellites; 
but  we  believe  that  the  details  of  XX 4722  and  4122  were  cleared 
up  in  the  present  experiment  by  using  a  higher  voltage  and  a 
greater  current-density  between  the  electrodes  than  were  used  by 
previous  investigators.  A  lime  cathode  of  carbon  can  be  used 
with  advantage  in  such  spectroscopic  work,  and  the  cost  of  such 
cathodes  is  negligible  compared  with  the  limed  platinum  cathodes, 
which  wear  out  after  some  use. 

An  important  observation  w^as  made  by  one  of  us  during  the 
experiment  with  the  echelon  spectrum  of  X  4722.  The  principal  line 
had  finite  breadth,  and  the  intensity  was  somewhat  fluctuating. 
It  was  first  thought  that  the  whole  line  would  be  subject  to  such 
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alternations  of  intensity,  but  actual  observation  showed  that  only 
a  small  portion  of  the  line  was  subject  to  flickering,  from  which  it 
appeared  that  what  was  supposed  to  be  a  single  line  consists  of 
three  or  four  lines  closely  packed  together,  as  is  the  case  with  the 
green  line  of  mercur}-,  X5461.  It  is  somewhat  singular  that  all 
parts  of  the  line  are  not  simultaneously  affected.  Perhaps  such 
fluctuations  are  caused  by  the  minute  change  in  the  electronic 
configuration  within  the  atom,  and  the  light  is  excited  by  the 
intrusion  of  high-speed  electrons  from  the  cathode  into  the  atomic 
system.  The  electron  groups  giving  rise  to  the  visible  spectrum 
are  confined  to  the  outside  boundary  of  the  atom,  and  the  con- 
figuration will  be  more  susceptible  to  small  changes  than  in  the 
neighborhood  of  the  atomic  nucleus,  where  X-ray  spectra  are 
excited.  If  we  can  obtain  some  means  of  supplying  electrons  of 
moderate  speed,  we  shall  ultimately  obtain  some  easy  means  of 
powerful  illumination. 

In  conclusion,  we  have  to  thank  Mr.  T.  Mishima  and  Mr.  S. 
Sakurai,  assistants  in  the  Institute  for  Physical  and  Chemical 
Research,  for  great  help  rendered  during  the  experiment  and  in 
the  reduction  of  the  results. 
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THE  MUTUAL  ACTION  OF  ADJACENT  PHOTO- 
GRAPHIC IMAGES' 

By  frank  E.  ROSS 

ABSTRACT 

Mutual  action  of  adjacent  photographic  images. — -(i)  Stars  and  bright  lines.  A 
review  of  previous  work  shows  that  the  results  are  so  conflicting  that  general  conclusions 
cannot  be  drawn.  Three  factors  seem  to  control  the  action.  The  turbidity  ejject 
causes  an  attraction  through  optical  reinforcement  of  adjacent  sides  of  the  images. 
An  equation  is  derived  from  which  the  attraction  is  found  to  be  negligible,  except  for 
very  small  images  very  close  together.  The  gelatine  ejfect  causes  an  attraction  due  to 
the  more  rapid  drying  of  the  developed  image.  It  is  measured  by  the  difference  in  the 
separation  of  images  when  wet  and  when  dry.  For  normal  exposures  of  star  images  less 
than  O.I  mm  apart  the  attraction  is  equal  to  about  2  y.  for  ordinary  developers  excepting 
pyro-metol,  while  in  the  case  of  lines  the  attraction  is  about  5  n.  This  attraction  is  only 
slightly  changed  by  varying  the  amount  of  sulphite  or  by  the  use  of  a  hardener.  The 
developer  or  Kostinsky  ejfect  causes  a  repulsion  as  a  result  of  the  restraining  effect  of 
the  products  of  the  developing  reaction,  as  in  the  Eberhard  effect.  It  varies  somewhat 
with  the  developer  but  increases  with  the  exposure.  The  variation  of  the  total  ejfect 
with  exposure  is  such  that  overexposed  images  show  strong  repulsion  due  to  the  large 
developer  effect,  whereas  normally  exposed  images  show  an  attraction  which  usually 
amounts  to  2  or  3  n.  To  minimize  the  error  which  the  effect  may  introduce  into 
measurements  of  such  images,  the  exposure  should  be  as  short  as  possible.  The 
phenomenon  is  so  complicated  that  it  may  be  impossible  to  eliminate  it  completely. 
(2)  In  the  case  of  absorption  lines,  both  the  gelatine  effect  and  the  developer  effect 
cause  a  repulsion,  but  in  addition  to  the  attraction  due  to  the  turbidity  effect  there  is 
a  further  attraction  due  to  a  difference  in  the  sharpness  of  outer  and  inner  edges  caused 
by  turbidity  and  halation.  In  general  the  total  effect  is  an  attraction,  about  i  m  for 
normal  exposures  but  larger  for  overexposures.     Seed  30  plates  were  used. 

Ejfect  of  exposure  on  the  time  of  drying  of  photographic  film. — A  normally  exposed 
image  dries  faster  than  an  underexposed  or  an  overe.xposed  region. 

On  account  of  the  high  degree  of  precision  which  had  been 
reached  in  the  determination  of  the  positions  of  the  stars  by 
photography  during  the  first  decade  of  its  application  to  this 
field,  it  was  not  unnatural  to  suppose  that  the  photographic 
method  could  be  employed  with  equal  advantage  in  the  determi- 
nation of  the  relative  positions  of  double  stars  and  satellites.  In 
both  of  these  special  fields  of  observational  astronomy,  the  system- 
atic errors  in  the  usual  visual  methods  are  both  troublesome  and 

'  Communication  from  the  Research  Laboratory  of  the  Easltnan  Kodak  Company, 
No.  119. 
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important,  so  that  it  was  hoped  that  photographic  methods 
might  be  employed  with  profit.  However,  without  any  question 
being  raised  at  the  time  as  to  the  accuracy  of  the  photographic 
results,  it  was  at  once  found  that  its  application  to  the  measure- 
ment of  double  stars  was  limited  to  pairs  of  only  moderate  separa- 
tion, the  important  pairs  having  a  separation  of  the  order  of  one 
second  of  arc  or  less  being  unresolvable  even  with  the  largest 
telescopes.  A  greater  field  of  usefulness  appeared  in  observations 
of  satellites,  in  which  it  is  important  to  eliminate  the  systematic 
errors  known  to  be  present  in  the  visual  observations. 

The  first  to  question  the  accuracy  of  photographic  measures 
of  double  stars  and  satellites,  as  far  as  the  writer  is  aware,  was 
S.  Kostinsky'  in  1906.  He  observed  an  apparent  repulsion  of 
neighboring  images  and  cites  as  a  possible  explanation  the  well- 
known  fact  that  in  the  wet  condition  images  lie  below  the  surface 
of  the  surrounding  gelatine.  In  a  later  paper^  Kostinsky  dis- 
cusses the  phenomenon  at  length.  By  photographing  a  wide 
double  star  for  varying  exposure  times,  he  finds  a  progressive 
retrocession  of  centers,  as  the  following  data,  taken  from  his  meas- 
ures, show: 


Exposure  Time 

Diameter 

Distance  between 
Borders 

Measured 

Distance  between 

Centers 

Star 

Companion 

min. 
I 

mm 
0.282 
0.482 

mm 
0.039 
0.080 

mm 
+0.086 
—  0.014 

mm 
0.2467 

16 

0.2667 

Thus  for  the  long  exposure,  giving  an  overlap  of  o  .014  mm,  the  dis- 
tance relative  to  that  for  the  shorter  exposure  increases  0.020  mm. 
From  all  data  he  finds  the  contraction  of  centers,  y,  in  microns: 

^  =  7.9(1— e  100  ) 


where  x  is  the  distance  in  microns  between  adjacent  borders  of 
the  images  of  the  stars. 

^  MiUhcihingcn  dcr  Nikolai-hauplslcrmvarte  zu  Pulkoivo,  Vol.  I,  No.  11. 
» Ibid.,  Vol.  II,  No.  14. 
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H.  E.  Lau'  in  191 2  obtained  similar  results  from  a  different  pro- 
cedure. He  exposed  a  plate  to  the  Praesepe  cluster  for  five  min- 
utes, then  moved  the  telescope  about  11"  and  exposed  again  for 
five  minutes.  A  series  of  double  stars  of  equal  components  but  of 
a  wide  range  in  magnitude  is  thus  obtained,  which  should  vary  in 
separation  if  the  Kostinsky  effect  is  present.  The  resulting  repul- 
sion, y,  as  a  function  of  the  distance  between  borders,  A,  is  shown 
in  the  following  table: 

A  y 

mm  mm 

0.034  0.0027 

.051  .0019 

. 069  . 0008 

.086  .0001 

.103  . 0000 

. 1 20  . 0000 

0.138  0.0000 

Kostinsky's  formula  gives  for  A  =  o .  034,  a  contraction  y  =  o .  0046 
mm,  which  is  somewhat  larger  than  Lau's  value. 

H.  H.  Turner,^  on  the  other  hand,  notes  an  apparent  attraction 
between  adjacent  lines  on  a  photographic  plate,  reseau  lines  inter- 
secting at  a  small  inclination  being  bowed  inward  near  the  point 
of  intersection.  The  effect  vanished  when  the  centers  of  the  lines 
were  separated  by  |  mm  or  more.  When  the  lines  were  in  contact, 
the  centers  being  then  separated  by  0.075mm  (computed),  the 
actual  separation  was  less  by  0.006mm.  This  means  that  two 
fine  spectral  lines,  each  of  width  0.075  ^"i,  and  in  contact,  have 
had  their  true  separation  diminished  by  8  per  cent.  Turner 
attributed  the  phenomenon  to  a  displacement  of  the  light  maxima 
in  the  images,  a  phenomenon  discussed  at  length  below. 

F.  A.  Bellamy,^  from  a  study  of  the  double  stars  of  the  Oxford 
astrographic  catalogue,  supports  Turner's  conclusions.  Bellamy 
compares  the  photographic  separations  with  the  values  in  Burn- 
ham's  General  Catalogue.  In  all,  436  pairs  were  examined.  In 
the  case  of  the  overlapping  images  (overlapping  one-third  of  the 
radius)  the  apparent  contraction  was  large,  averaging  about  8  per 

^  Astronomische  Nachrichten,  192,  179,  191 2. 

^Monthly  Notices,  'j'j,  519,  1917.  ^  Ibid.,  77,  521,  1917. 
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cent.  With  images  not  quite  in  contact,  the  clear  space  being 
0.02mm,  the  contraction  amounted  to  2  per  cent.  When  the 
clear  space  became  about  0.08mm  all  trace  of  contraction  dis- 
appeared. 

Hertzsprung'  finds  both  contraction  and  repulsion  in  photo- 
graphic measures  of  double  stars  depending  on  the  atmospheric 
conditions  and  on  the  separation  of  the  components.  He  explains 
the  attraction  as  arising  from  the  addition  of  density  to  each  image 
at  its  inner  edge,  due  mutually  to  the  light  from  the  other.  This 
explanation  is  the  same  as  Turner  has  suggested.  He  finds  the 
effect  most  pronounced  on  nights  of  bad  seeing,  amounting  to 
0.007  n^ni-  On  the  other  hand,  repulsions  occur  on  nights  of  the 
best  definition  and  in  the  case  of  close  pairs. 

Mitchell  and  Olivier^  made  an  extended  series  of  photographic 
measurements  of  the  triple  star  Krueger  60,  in  which  the  com- 
ponents A  and  B  approached  within  i''84  (0.09mm)  of  each 
other.  Comparison  with  Barnard's  visual  measures  shows  no  evi- 
dence of  either  attraction  or  repulsion. 

There  appears  to  be  but  little  in  the  hterature  on  the  behavior 

of  close  spectral  lines.     C.  E.  St.  John^  has  the  following: 

A  comparison  has  recently  been  made  between  the  separation  of  close 
pairs  as  given  in  the  Rowland  tables  and  as  measured  upon  plates  of  higher 
dispersion  than  that  used  by  Rowland.  For  pairs  consisting  of  lines  of  intensi- 
ties 3  and  4  whose  separations  are  0.0  to  o.  i  A,  o.  i-o.  2,  and  o.  2-0.35,  the 
Rowland  values  exceed  those  found  at  Mt.  Wilson  by  o.oii  A,  0.007  ^^  and 
0.004  A,  respectively. 

From  one  point  of  view  these  can  be  considered  as  repulsions  of 
the  lines  on  the  Rowland  plates,  the  scale  of  which  is  i  A=  i  mm. 
The  effect  appears  to  be  greater  and  effective  at  greater  separations 
than  found  in  the  case  of  stellar  images  described  above.  How- 
ever, according  to  another  investigation  by  St.  John,'*  there  is  evi- 
dence of  part  of  the  eft'ect  at  least  being  due  to  psychological 
causes.  He  finds  that  for  measures  of  close  spectral  lines  made  in 
the  ordinary  way  and  on  the  Koch  microphotometer,  the  micro- 
photometer  gives  the  smaller  separation. 

'  Observatory,  44,  56,  192 1.  ^Astronomical  Journal,  32,  179,  1920. 

^Proceedings  National  Academy  of  Sciences,  2,  228,  1916. 

4  Ycar-Book  of  the  Carnegie  Institution  of  Washington,  No.  15,  p.  240,  1916. 
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On  the  other  hand,  F.  Goos'  finds  that  Kayser's  measures  of 
the  separation  of  close  doubles  in  the  iron  arc  differ  from  his  own 
in  the  following  way: 

Average  separation,  o.  24  A  =  0.09  mm, 

Separation  (Goos  —  Kayser),  — 0.0042  A  =  —0.0016  mm=i=o.ooo4  mm, 

Scale:   Kayser,  i  A=i  mm;   Goos,  i  A  =  o.36  mm. 

Since  the  scale  of  Kayser's  plates  is  the  greater,  these  results  show 
that  the  lines  of  Goos's  plates  suffer  an  attraction  in  opposition  to 
the  repulsion  shown  on  the  Rowland  plates.  Thus  an  inconsistency 
in  the  results  affecting  any  general  conclusions  is  to  be  found  in 
measures  of  spectral  doubles,  as  well  as  in  measures  of  double  stars. 

The  writer  has  previously  investigated  the  action  of  adjacent 
images  on  each  other  in  the  particular  case  of  a  large  central  image 
and  a  small  neighboring  image.^  The  smallest  distance  between 
adjacent  borders  utilized  was  0.12  mm,  in  which  case  under  certain 
conditions  of  development  the  small  image  was  displaced  toward 
the  larger  by  0.020  mm.  The  effect  was  found  to  be  appreciable 
when  the  border  separation  became  as  great  as  0.42  mm,  the  image 
displacement  in  this  case  being  0.006  mm.  The  effects  are  thus 
seen  to  be  larger  and  operative  at  greater  distances  than  in  the 
cases  noted  by  the  writers  quoted  above.  They  agree  in  general 
with  the  results  of  Turner,  Bellamy,  and  Goos  in  showing  the 
existence  of  a  contraction,  and  are  apparently  opposed  to  those  of 
the  earlier  investigators  and  to  St.  John's  results. 

Aside  from  possible  systematic  errors  of  measurement,  there 
appear  to  be  three  distinct  factors  controlling  the  deviations  from 
normal  action  in  the  case  of  neighboring  images,  as  follows: 

a)  A  mutual  light-action  causing  each  of  the  images  to  assume 
an  oval  form,  the  geometrical  centers  being  displaced  inward,  the 
result  being  an  apparent  attraction.  This  effect  will  be  called  the 
''turbidity  effect." 

h)  Displacements  of  the  gelatine  in  which  the  images  are 
imbedded,  which  can  be  called  the  gelatine  eft'ect,  measured  and 
discussed  by  the  writer  in  the  paper  quoted. 

c)  It  appears  necessary  to  assume  the  existence  of  an  abnormal 
action  of  the  developer  in  developing  the  latent  image,  such  as  is 

^  Astro  physical  Journal,  35,  232,  1912.  ^  Ibid.,  52,  loi,  1920. 
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found  in  the  Eberhard  effect.^  One  of  the  main  objects  of  the 
present  paper  is  the  investigation  of  this  effect,  which  may  be  called 
the  "Kostinsky  effect."  Each  of  the  three  phenomena  will  be 
considered  at  some  length. 

The  turbidity  effect. — Consider  the  case  of  photographing  a 
double  star  or  a  pair  of  spectral  lines  having  components  of  equal 
intensity.  The  distribution  of  light  in  the  film  due  to  each  com- 
ponent is^ 

1  =  106-"',  (i) 

where  7o  is  the  intensity  in  the  central  diffraction  disk,  and  I  the 
intensity  at  a  distance  r  from  the  center  of  star  or  line,  k  is  a 
parameter  whose  numerical  value  is  given  by 

Mod.      mm 

where  m  is  the  increase,  in  microns,  in  the  diameter  of  one  of  the 
stellar  images  or  spectral  lines  for  each  doubling  of  the  exposure 
time,  or,  more  strictly,  for  doubling  of  the  intensity.  The  relative 
distribution  of  light  is  thus  fully  determined. 


Let  Si  and  S2  (Fig.  i)  represent  the  centers  of  a  pair  of  close 
stars  of  equal  components.  Let  P  be  any  point  in  the  immediate 
neighborhood,  distant  Tj,  and  ^2  from  Si  and  S2.  The  total  intensity 
of  light  at  P  is  evidently 

/p  =  /(e--+e—0-  (3) 

The  boundary  line  of  the  stellar  image  is  determinable  by  the  con- 
dition Ip  =  constant,  which  gives  as  the  equation  of  its  outline 

e~'"''-{-e~'"''  =  consta.nt  =  C.  (4) 

'  Physikalische  Zeitschrijt,  13,  288,  1912. 
'  Astrophysical  Journal,  52,  206,  1920. 
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This  represents  a  family  of  transcendental  curves,  real  branches  of 
which  are  a  family  of  lemniscates.  In  Figure  2  a  number  of  the 
curves  are  accurately  drawn  to  scale.  The  practical  case  is  chosen 
of  a  separation  of  centers  of  o.i  mm.  k  is  chosen  equal  to  0.05, 
corresponding  to  w=  28,  a  value  which  is  of  the  order  of  magnitude 
found  for  large  telescopes  and  high-speed  emulsions.  In  Figure  2 
a  pair  of  point  images  are  chosen,  corresponding  to  the  case  of 
critical  definition.  In  Figure  3  the  curves  for  disk-images  are 
shown.     In  this  case  r^,  and  r.  are  measured  from  the  edge  of  each 


Fig.  2. — Outlines  of  neighboring  images  for  point  sources 


Fig.  3. — Outlines  of  neighboring  images  for  equal  circular  sources 

disk.  It  is  seen  that  the  character  of  the  curves  is  the  same  in  the 
two  cases.  The  curves  are  oval  in  form,  becoming  more  and  more 
pronounced  as  the  exposure  time  or  intensity  is  increased.  The 
center  of  each  image  is  displaced  toward  the  other,  the  amount  of 
the  displacement  increasing  with  the  size.  In  other  words,  double 
stars  and  close  spectral  lines  are  subject  to  an  apparent  attraction 
of  an  amount  depending  upon  the  separation  of  their  adjacent 
borders.  In  the  important  and  interesting  case  of  contact  the 
figures  show  that  instead  of  the  images  coming  together  along  a 
curve  as  would  naturally  be  expected,  they  meet  in  a  point,  the 
outline  of  each  image  in  the  neighborhood  of  their  intersection  being 
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composed  of  two  lines  intersecting  at  an  angle  of  considerable  size 
in  the  practical  cases  under  consideration.  These  oval  forms  should 
be  observable,  and  the  corresponding  attraction  of  centers  should 
be  measurable.  That  they  are  not,  in  general,  is  due  to  the  masking 
effect  of  the  Kostinsky  phenomenon,  as  will  appear  later. 

It  is  not  difficult  to  obtain  a  formula  giving  the  attraction  or 
displacement  of  centers  of  adjacent  stellar  images  or  spectral  lines. 
Since  the  maximum  effect  is  attained  for  equal  components,  only 
that  case  will  be  considered.  The  method  is  easily  extended  to  the 
case  of  unequal  components.  Referring  to  Figure  i,  putting 
SiS2  =  s,  equating  the  illumination  at  M  with  that  at  /V, 

In  all  practical  cases  the  second  term  on  the  right  can  be  neglected. 
The  equation  is  then  rearranged  as  follows: 

Put 

8  —  total  displacement  of  centers, 

;-  =  separation  of  adjacent  edges; 

it  is  evident  that 

8  =  a  —  b, 
r  =  s  —  2a, 

leading  to  the  following  simple  equation  for  the  "attraction''  of 
double  stars  or  spectral  pairs 

For  the  special  case  of  contact  of  images,  the  equation  becomes 

or  finally,  since 

_  2  log  2  I 

'^~'  Mod.  m  ' 

8  =  hn;  (8) 

hence  we  have  the  remarkable  theorem  that  in  the  case  of  contact 
of  images  the  contraction  is  equal  to  the  increase  which  takes  place 
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in  the  radius  of  a  stellar  image  for  each  doubling  of  the  exposure 
time,  and  is  moreover  independent  of  the  size  of  the  image  itself. 
The  theorem  applies  to  spectral  lines  as  well,  in  this  case  the  radius 
being  replaced  by  the  half-width.  In  practical  cases  m  lies  between 
lo  (very  sharp)  and  30  (diffuse);  the  corresponding  maximum 
attraction  of  stellar  images  or  spectral  lines  accordingly  lies  between 
0.005  nini  and  0.015  mm.  Table  I,  computed  from  (7),  gives  the 
value  of  the  attraction  5  for  various  values  of  m,  and  of  r,  the  sepa- 
ration of  the  adjacent  edges  of  stellar  images  or  spectral  lines. 

TABLE  I 

Values  of  5  (in  Microns) 


m 

10^ 

I5M 

20M 

25M 

30M 

K 

mm 

r  =  0 . 000 

.010 

.020 

.  040 

0.080 

0139 

50 
1.6 
0.4 
0.0 
0.0 

0.093 

7-5 
3-6 
1.6 

0.3 
0.0 

0.070 

10.0 

5-8 

3-2 
0.9 
0. 1 

0.056 
12.5 

8.1 
50 
1.8 
0.2 

0.046 

150 

10.6 

7-3 

3-2 

05 

The  gelatine  efect. — As  already  remarked,  data  have  been  col- 
lected by  the  writer  on  the  mutual  action  of  adjacent  images  in  the 
case  where  one  of  the  images  is  large.  It  is  necessary  to  measure 
the  effect  in  the  case  of  small  images,  as  in  double  stars  and  close 
spectral  lines.  The  experiments  must  be  so  arranged  that  the 
effects  so  far  as  possible  can  be  dift"erentiated. 

It  has  been  shown  {Astro physical  Journal,  52,  106,  1920)  that 
movements  of  the  gelatine  surrounding  and  within  adjacent  images 
cause  an  apparent  attraction  between  images  which  is  brought 
into  evidence  by  comparing  measurements  of  the  same  pairs  made 
with  plate  wet  and  plate  dry.  It  is  clear  that  this  effect  can  be 
differentiated  from  the  ''attraction"  of  the  latent  image  already 
discussed,  and  from  the  ''repulsion"  of  the  Kostinsky  efi'ect  dis- 
cussed in  a  later  paragraph. 

A  test-object.  A,  composed  of  ten  artificial  double  stars,  all  of 
equal  size,  was  photographed  on  Seed  30  plates,  the  separations 
being  adjusted  so  as  to  reproduce  conditions  obtaining  in  practice. 
It  was  photographed  in  a  special  precision  camera  reducing  20 
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diameters.  An  enlargement  of  one  of  these  exposures  is  shown 
in  Figure  4.  The  separation  of  the  close  pair  (jj')  is  0.052  mm, 
and  of  the  widest  pair  {aa')  0.104  n^n^-  The  average  diameter  of 
the  images  is  0.04  mm.     Five  exposures  were  made  on  each  plate 


a 


mMM 


>--'^-^.-..:v=s*^Altl^"..;- 


Fig.  4 


Fig.  4. — Enlarged  images  of  double-star  test  object 


and  were  measured  wet  and  dry.  The  plates,  ten  in  all,  were 
developed  in  several  different  kinds  of  developer,  including  the 
staining:  pyro,  pyro-metol,  and  caustic  hydroquinone ;  and  the  non- 
staining:  hydroquinone  and  metol-hydroquinone.  Since  the  dif- 
ferences brought  out  between  the  action  of  the  various  developers, 

TABLE  II 

Contraction  in  Drying  of  Images  of  Close  Double  Stars 
(in  Microns) 


Pair 


aa 

bb' 

cc' 

dd' 

ee' 

//' 

RS' 

hh' 

//' 

jj' 

Mean 


Mean  of  Ordi- 
nary Developers 


0.9 

1-4 
1-4 
1.8 
1.8 
2  .0 
2.0 

2-3 

1 . 2 
0.9 


1.6 


Pyro-Metol 


8.4 
5-6 
7.0 
S-o 

5-2 

3-4 
5-6 


5-7 


Edge  Separation 


mm 
0.080 
.071 
0.62 
■053 
0.44 
■036 
.027 
.018 
.009 
0.000= 


excepting  the  single  case  of  pyro-metol,  were  not  striking,  the 
results  from  all  ten  plates  are  averaged  in  Table  II.  All  measure- 
ments recorded  in  this  and  in  the  following  tables  were  made  on  a 
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Hilger  comparator  at  a  uniform  magnification  of  75.  The  plates 
in  all  cases  were  Seed  30. 

The  values  for  the  pairs  i  and  j  are  uncertain  owing  to  the 
difficulty  of  accurately  measuring  pairs  in  close  contact.  For  this 
reason  the  last  three  pairs  were  not  measured  on  the  plate  developed 
in  pyro-metol.  It  is  seen  that  the  very  strongly  staining  and  tan- 
ning developer,  pyro-metol,  stands  apart  from  the  ordinary  devel- 
opers in  the  magnitude  of  the  contraction,  confirming  the  results 
found  and  described  in  a  former  paper. ^  A  further  conclusion  of 
importance  is  that  the  contraction  is  independent  of  the  separation, 
within  the  limits  of  the  experiment,  which  include  all  practical 
cases  of  interest.  It  can  be  concluded  that,  for  the  close  doubles  of 
separation  o.i  mm  or  less,  the  contraction  due  to  the  movement  of 
the  gelatine  is  0.0016  mm  for  all  ordinary  developers.  That  different 
results  were  not  obtained  for  the  two  classes  of  developers,  staining 
and  non-staining  (with  the  single  exception  of  pyro-metol),  seems 
surprising  in  view  of  the  results  obtained  previously.  In  the 
previous  work,  however,  a  much  larger  test-object  was  used,  so 
that  the  conditions  of  the  experiments  were  not  similar  to  those 
just  described.  It  is  clear  that  much  work  remains  to  be  done  on 
this  branch  of  the  subject  before  general  conclusions  as  to  the 
action  of  different  developers  can  be  reached. 

The  series  of  measurements  on  the  double-star  group  furnishes 
information  on  the  Kostinsky  effect,  as  well  as  on  the  gelatine  effect 
just  considered,  for  measurement  of  the  separation  of  the  double 
stars  on  the  test-plate  itself,  assuming  no  distortion  in  the  opti- 
cal system,  gives  the  relative  values  of  the  separation  of  the  images 
of  the  test-plate.  For  this  comparison  only  the  pairs  aa'  a.ndjj' 
will  be  considered.     The  results  are: 

mm 

Separation  of  centers  of  aa'  in  test-plate 2 .  000 

Separation  of  centers  of  ;)''  in  test-plate 1.022 

Photographed  aa'  (measured  wet) o.  1049 

Photographed i;''  (measured  wet) 0.0532 

By  simple  proportion  from  the  first  three  quantities,  jj'  should  be 
0.0536  mm.     This   agrees   with   the   measured   value   within   the 

'^  A  sir  0  physical  Journal,  52,  loi,  1920. 
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error  of  measurement,  leading  to  the  conclusion  that  no  distortion 
of  any  kind  is  apparent.  But  from  Table  I,  assuming  7n  =  10,  a 
value  close  to  the  true  one,  and  assuming  further  that  the  images 
j  and  j'  are  in  contact,  we  find  a  computed  turbidity  contraction 
of  0.0050  mm.  Since  the  gelatine  effect  has  already  been  elimi- 
nated, it  must  be  concluded  that  in  this  case  the  turbidity  con- 
traction and  the  Kostinsky  repulsion  are  mutually  destructive. 
This  is  not  surj^rising  since  attractions  and  repulsions  in  equal 
number  have  been  obtained  by  various  investigators,  as  shown 
in  the  introduction. 

The  gelatine  effect  for  spectral  emission  lines.  —The  test-object, 
B,  in  this  case  consisted  of  two  pairs  of  parallel  lines  having  equal 
components,  which  were  photographed  on- Seed  30  plates  in  the 
same  way  as  the  double-star  test-object.  The  pairs  are  designated 
a  and  h  in  Table  III,  which  gives  the  results  of  measurement. 

TABLE  III 

Contraction  of  Spectral  Pairs  in  Drying 


Mean  separation  (dry) 

Mean  width  of  lines 

Contraction  with  caustic-hydroquinone  dev 
Contraction  with  chlor-hydroquinone  dev. . 

Contraction  with  pyro-soda  dev 

Contraction  with  pyro-metol  dev 


0 

149 

mm 

0. 107  mm 

0 

100 

mm 

0 .  080  mm 

5 

0 

M 

4-3      M 

4 

b 

M 

4.6       M 

6 

2 

M 

6.0      n 

15 

4 

M 

14-3      M 

It  is  seen  that  the  gelatine  contraction  for  spectral  pairs  is  twice 
that  for  double  stars  of  equal  separation.  This  may  be  in  part  due 
to  the  greater  width  of  the  spectral  lines,  as  well  as  to  their  linear 
extent.  Further  experiments  with  narrower  lines  are  to  be  made. 
It  appears  to  be  true  that  the  gelatine  effect  is  greater  for  the 
important  case  of  spectral  doubles  than  in  that  of  double  stars. 
As  in  the  case  of  double  stars  (Table  II),  all  developers  excepting 
pyro-metol  are  seen  to  give  nearly  the  same  effect. 

Efect  of  sulphite. — Since  the  staining  and  tanning  action  of  a 
developer  to  a  certain  extent  can  be  controlled  by  its  sulphite 
concentration,  corresponding  variations  in  the  contraction  of  the 
gelatine  should  occur  if  it  is  true  that  tanning  of  the  gelatine  is 
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a  factor  in  contraction  of  the  image.  Experiments  were  made 
with  pyro  developer  in  which  the  amount  of  sulphite  was  altered 
between  wide  limits.  It  is  not  necessary  to  give  details.  The  con- 
traction was  actually  found  to  diminish  with  increasing  sulphite. 

Action  of  hardening  agents. — It  is  found  that  hardener  in  the 
fixing  bath  reduces  the  contraction  only  slightly.  In  a  different 
experiment,  plates  after  fixing  were  bathed  in  a  concentrated 
solution  of  quinone;  and  in  another  case  in  a  10  per  cent  formalin 
solution.  In  order  to  obtain  the  maximum  effect,  the  plates  were 
developed  in  pyro-metol.  An  average  reduction  of  25  per  cent  in 
the  contraction  was  obtained.  These  results  were  expected,  since 
hardening  of  the  gelatine  should  not  alter  to  any  great  extent  the 
variation  of  water  content  of  a  developed  image  with  its  density. 

Drying  time  of  a  developed  image. — It  is  desirable  to  have  direct 
or  observ'ational  data  on  the  drying  time  of  a  developed  image, 
since  in  the  explanation  given  by  the  writer  of  the  contraction  of 


DRY|l|Q_^^       ;               ;                   LINE 

f                  HEAVY                        1   0   *    !                        "<> 

EXPOSURE                     !    P   E   !                 EXPOSURE 

1   3   w   ' 

<  oe  1 

r    ^           ' 

Fig.  5. — Drying  line  on  a  partially  dried  plate 

an  image  due  to  movements  of  the  gelatine  it  is  assumed  that  a 
developed  image  dries  more  quickly  than  the  clear  gelatine  sur- 
rounding it.     The  following  experiments  were  made. 

Five-by-seven  plates  were  e.xposed  to  light  over  half  their 
surface,  developed  in  pyro-metol,  and  after  fixing  allowed  to  dry. 
The  exposed  portion  was  found  to  dry  more  quickly  in  all  cases. 
Figure  5  shows  the  drying  line  of  a  partially  dried  plate,  one-half 
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of  which  had  been  subjected  to  a  heavy  overexposure.  Between 
the  region  of  overexposure  and  the  clear  gelatine  there  is  a  halation 
strip  one  inch  in  width.  The  dip  in  the  dr}'ing  line  in  the  halation 
region  brings  out  the  remarkable  fact  that  a  normal  exposure  dries 
more  quickly  than  either  clear  gelatine  or  an  overexposure.  This 
difference  in  drying  between  normal  and  overexposure  was  verified 
by  numerous  experiments. 

The  Kostinsky  efect.  —The  anomalous  actions  just  discussed 
which  affect  the  true  distance  between  images  of  close  double  stars 
and  spectral  lines  on  a  photographic  plate  are  not  competent  to 
explain  the  phenomena  actually  observed,  for,  as  shown,  both  the 
turbidity  effect  and  the  gelatine  effect  result  in  an  apparent  attrac- 
tion of  images.  As  cited  in  the  introduction,  there  are  many 
conclusive  cases  of  apparent  repulsion  of  images,  so  that  we  must 
look  to  a  third  class  of  anomalous  actions  to  explain  all  the  facts 
observed. 

One  method  of  studying  the  mutual  action  of  adjacent  images 
is  that  followed  by  Kostinsky,  namely,  of  measuring  the  distance 
of  centers  of  a  series  of  images  of  a  double  star  or  close  spectral 
pairs,  real  or  artificial,  the  time^  exposure  being  varied  in  such  a 
way  that  the  size  of  the  images  varies  from  threshold  to  one  pro- 
ducing contact  or  even  overlapping.  When  the  experiment  is  made 
in  this  way,  it  must  be  assumed  that  the  distribution  of  light  in  each 
image  is  perfectly  symmetrical,  or  at  least  that  any  dissymmetry 
is  the  same  for  both  images.  However,  with  good  modern  optical 
instruments  a  lack  of  symmetry  need  not  be  feared,  if  exposures 
are  made  on  close  doubles  and  in  the  optical  axis.  In  this  con- 
nection it  may  be  said  that  Lau's  method  (p.  351)  of  obtaining  the 
eft'ect  is  open  to  question  on  this  account,  since  the  exposures  were 
not  axial,  but  distributed  over  the  plate.  It  is  quite  likely,  how- 
ever, that  this  error  is  negligible. 

Experimenls  ivith  artificial  double  stars. — Two  pairs  of  artificial 
double  stars  to  be  used  as  test-objects  were  accurately  cut  from  a 
thin  plate,  the  dimensions  being  as  follows: 

Pair  Diameter  of  Circles    Separation  of  Centers 

mm  mm 

C 1.08  3.39 

D 6.64  7.98 
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The  double-star  images  to  be  studied  were  obtained  by  photo- 
graphing test-objects  C  and  D  in  a  precision  camera  as  in  previous 
experiments.  The  exposure  times  were  i%  2%  4^  ...  .  4™  in  the 
case  of  object  C,  giving  a  series  of  double  stars,  the  diameter  of 
whose  components  varied  regularly  from  0.07  mm  to  0.18  mm, 
varying  somewhat  with  developer  and  development  time.  Many 
plates  were  exposed  in  this  way  and  developed  for  different  lengths 
of  time  in  different  developers  in  the  hope  of  finding  a  variation 
in  the  effect  which  would  lead  to  an  understanding  of  its  nature. 
In  this  preliminary  series  of  experiments  no  certain  variation  with 
developer  and  development  time  was  disclosed.  In  Table  IV, 
giving  the  result  of  these  measures,  the  mean  result  from  all  plates 
and  all  developers  is  given,  eleven  plates  in  all  being  measured. 

TABLE  IV 

Results  from  Double-Star  Test-Object  C 


Exposure  Time 


Separation  of 

Edges 

Diameter  of  Images 

mm 

mm 

0.096 

0.076 

.084 

' 

088 

.071 

lOI 

.060 

112 

.048 

124 

.036 

136 

.024 

150 

.016 

160 

O.OIO 

0 

171 

Separation  of 
Centers 


Computed  Turbidity 
Correction 


I .  o  sec 

1.9... 

3-8... 

7-5--- 
15.0. .. 
30.0. .. 
60.0. . . 

120.0. . . 

240.0. . . 


mm 
0.1724 
.  1720 
.  1720 
.1717 
.1724 
•1724 
•1749 
.1764 
O.1813 


o . 0000 
+  .0002 
-f  . 0008 

+  -0015 

-t-0.0026 


The  fourth  column  of  this  table  shows  a  strong  and  undoubted 
"repulsion"  of  centers  of  such  a  magnitude  as  to  completely  over- 
shadow the  so-called  gelatine  and  turbidity  "attraction"  effects. 
The  turbidity  effect  is  given  in  the  last  column,  computed  from 
formula   (7)   with  ^  =  12.5. 

Test-object  D. — This  test-object  was  designed  for  the  purpose 
of  finding  out  to  what  extent  the  repulsive  effect  shown  in  the  case 
of  test-object  C  depends  on  the  size  of  the  component  images. 
The  measurements  of  only  one  plate  are  given  in  Table  V,  as  they 
are  illustrative  of  the  average  result  obtained.  Development  was 
in  pyro-soda.  The  measurement  in  the  case  of  test-object  D  was 
made  in  a  different  way  from  that  of  object  C,  for  it  can  be  objected 
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that  the  result  obtained  for  C  was  due  to  psychological  causes,  the 
bisection  of  centers  in  the  process  of  measurement  being  influenced 
in  a  varying  systematic  manner  by  the  presence  of  the  neighboring 

TABLE  V 
Results  from  Double-Star  Test-Object  D 


Exposure  Time 


Separation  of 
Edges 


Separation  of 
Centers 


Mean 
Longitudinal 
Diameter  Di 


Mean 
Transverse 
Diameter  Da 


D.-D. 


sec. 

1 .0.  . 

1.9.  . 

3-7-  ■ 

7-5-- 

15.0... 

30.0. .. 

60.0. . . 

120.0. . . 


mm 
0.068 

059 
052 
049 
044 
041 

035 
032 


mm 
0.413 
•413 
.412 
.416 
.419 
.422 

•425 
0,428 


mm 
0.346 

•354 
.360 

■367 
■374 
.380 

•389 
0.396 


>-35o 
•3S8 
.368 
•376 
■387 
•396 
.402 

).4ri 


mm 

0.004 

.004 

.008 

.009 

■013 
.016 

•013 
0.015 


or  comparison  image.  Accordingly,  in  the  case  of  object  D,  the 
settings  of  the  micrometer  thread  were  made  on  the  edges  of  each 
star,  and  the  separation  of  centers  was  computed.     This  also  gives 


Fig.  6. — Images  of  a  double  star  in  contact 

the  longitudinal  diameter  of  each  stellar  image.  As  a  check,  the 
transverse  diameter  of  each  stellar  image  was  measured,  for  a 
reason  which  will  appear  in  Table  V. 

The  repulsion  is  seen  to  be  greater  than  in  the  case  of  test-object 
C,  although  the  minimum  separation  of  edges  is  greater.     This 
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was  to  be  expected,  if  the  explanation  of  the  phenomenon  presently 
to  be  given  is  the  correct  one.  In  order  to  ehminate  from  D^  — Dj 
any  error  in  perfect  roundness  of  the  holes  in  the  test-object,  an 
auxiliary  series  of  exposures  was  made  in  which  each  hole  of  the 
test-object  was  covered  in  turn.  The  mean  of  a  series  of  exposures 
made  in  this  way  gave  D2  —  Di= 0.004  mm.  This  correction  has 
been  applied  in  the  foregoing  table.  It  is  seen  that  as  the  images 
approach  they  become  decidedly  oval  in  form,  the  greater  axis 
being  transverse.  An  enlargement  of  these  images  is  shown  in 
Figure  6,  in  which  the  oval  form  is  apparent  to  the  eye. 

The  Kostinsky  effect  on  spectral  emission  lines. — In  order  to 
investigate  the  Kostinsky  effect  on  spectral  emission  lines,  a  test- 
object  E  was  made  having  but  one  pair  of  slits  of  the  following 
dimensions : 

Width  of  slits 0.36  mm 

Distance  between  centers  of  slits 2. 94  mm 

On  account  of  the  importance  of  the  Kostinsky  effect  on  spectral 
lines,  an  extensive  series  of  experiments  was  made  with  this  test- 
object.  Five  developers  were  used.  In  all  twenty  plates  were 
exposed,  four  for  each  developer.  The  plates  were  measured  both 
wet  and  dry.  In  measuring  the  wet  plates,  pointings  were  made 
through  the  back,  in  order  to  ehminate  errors  due  to  capillarity. 
The  exposures  on  each  plate  were  timed  to  include  images  not  far 
from  threshold  size  at  one  end  to  images  nearly  in  contact  at  the 
other  end  of  the  series. 

The  results  of  Table  VI  are  plotted  in  Figure  7  (p.  367).  In  the 
first  place  it  is  noticed  that  the  gelatine  effect  (wet-dry)  is  practically 
the  same  for  all  developers.  Since  the  minimum  separation  of 
edges  is  0.028  mm,  the  maximum  turbidity  effect  is  negligible 
(Table  I).  Accordingly  the  curves  (wet)  give  the  true  Kostinsky 
effect,  it  being  assumed  from  previous  work  that  the  gelatine  effect 
is  not  present  in  the  wet  condition  of  the  plate.  It  is  possible  that 
further  work  on  the  subject  may  modify  this  assumption. 

There  appears  from  the  curves  to  be  considerable  variation  of 
the  Kostinsky  effect  with  developer.  The  effect  is  greatest  for 
pyro  developer,  and  smallest  for  metol-hydroquinone.  The  remark- 
able fact  is  brought  out  that   in   the   case   of   measures   on  the 
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dry  plate,  one  to  which  naturally  the  greatest  interest  is  attached, 
there  is  first  an  attraction,  followed  by  a  repulsion  as  the  separation 
becomes  smaller.  This  may  serve  in  part  to  explain  the  contra- 
dictory results  obtained  by  various  investigators  quoted  in  the 

TABLE  VI 

Results  from  Test-Object  E  (Spectr.u,  Doubles) 

Developers:  a,  caustic  hj-droquinone;   b,  pyro-metol;  c,  metol-hydroquinone; 
d,  pyro;  e,  ferrous  oxalate. 


Separ.ation  of  Centers 

Sep.\ration  of  Adjacent  Edges 

Exposure 
Time 

a 

b 

c 

d 

e 

a 

b 

c 

d 

e 

Measured  Dry 

I .  o  sec. 

1-9 

3-7 

7-5 

I5-0 

300 

60.0 

120.0 

240.0 

480.0 

0 
0 

mm 
1500 
1490 
1482 
1478 
1480 
1478 
1470 
1470 
1470 
1490 

0 
0 

mm 
1480 

1475 
1472 

1463 
1450 
1465 
1445 
1442 

1457 
1470 

0 
0 

mm 
1500 
1490 
1492 
1488 

1485 
1472 
1490 
1468 
1482 
1500 

0 
0 

mm 
1498 
1485 
1478 

1473 
1470 

1473 
1458 
1455 
1465 
1492 

0 
0 

mm 
1502 
1498 
1483 
1465 
1472 
1478 
1458 
1433 
1438 
1470 

mm 
0.125 
.116 
-105 
.094 
.083 
.072 
.060 
.047 

•037 
0.030 

mm 
0.122 
.112 
.101 
.091 
.076 
•065 

■055 
•044 

•033 
0.028 

mm 

0.128 

.120 

.107 

■095 
.085 
.072 
.061 
•  054 
.044 
0.035 

mm 
0.128 
.119 
.110 
.098 
.088 
.076 
.068 

■055 

.048 

0.038 

mm 
0.128 
.120 
.110 
.099 
.085 

■073 
.063 
.052 
.042 
0.036 

Means 

0. 1481 

0. 1462 

0.1487 

0.1475 

0.1470 

Measured  Wet 

r .  0  sec. . 

1-9 

3-7 

7-5 

150 

30.0 

60.0 

120.0 

240.0 

480.0 

0 
0 

1510 

1515 
1510 
1498 
1512 

1515 
1522 
1520 

1555 
1560 

0 
0 

1488 
1480 
1507 
1503 
1500 
1502 
1512 

1493 
1528 

^575 

0 

0 

1502 
1510 
1522 

1525 
1522 

1540 
1543 
1533 
1545 
1562 

o.r5i2 
.1520 
.1502 
.1520 
.1510 
.1508 
•1525 
•1545 
•1552 

0.1582 

0 
0 

1512 
1512 

1493 
1498 

1505 
1512 

1507 
1502 
1515 
1538 

Mean . . . 

Mean 
Wet-Dn.- 

0.1522 
0.0041 

0. 1509 
0.0047 

0-1530 
0.0043 

0.1528 
0.0053 

0.1509 
0.0039 

introduction.  The  explanation  is  simple.  In  the  first  stages  the 
gelatine  attraction  is  stronger  than  the  Kostinsky  repulsion,  while 
in  the  latter  stages,  when  the  separation  becomes  less  than  about 
0.06  mm,  the  Kostinsky  repulsion  predominates.  The  behavior 
of  ferrous  oxalate  is  curious,  and  needs  to  be  checked.     It  is  to  be 
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noted  that  in  the  case  of  all  developers,  development  was  fairly 
complete,  having  been  pushed  to  the  point  where  fog  became 
noticeable. 


Fig.  7. — Separation  of   close  emission-lines  for  various  developers,     .\bscissa, 
^e  separation. 
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Another  series  of  experiments  is  planned  which  will  allow  the 
curves  to  be  followed  closer  to  the  point  of  contact.  In  the  present 
instance  this  could  have  been  done  simply  by  increasing  the  expo- 
sure, but  the  resultant  lack  of  sharpness  of  the  outhne  would  have 
made  accurate  measurement  difficult.  It  is  simply  a  matter  of 
choosing  test-objects  of  suitable  dimensions,  to  get  contact  simul- 
taneously with  sharpness  of  outline. 

As  to  the  cause  of  the  Kostinsky  effect,  it  seems  reasonable  to 
assume  that  it  is  a  developer  effect  and  but  another  manifestation 
of  the  Eberhard  effect.^  In  the  process  of  development,  reaction 
products  are  formed  which  are  known  to  have  a  powerful  restraining 
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Fig.  8. — Two  sections  uf  phot  ii;ra{)hic  im.igjs  showing  Eberhard  effect 

action  on  development.  The  bright  ring  surrounding  strong, 
sharp  negative-images  is  one  manifestation  of  this  action.  The 
action  may  be  something  more  than  a  simple,  restraining  one,  for 
the  bright  ring  is  very  often  seen  around  minute  stellar  images. 
The  action  must  accordingly  be  a  positive  and  permanent  one, 
the  products  of  development  acting  on  the  image  in  its  immediate 
neighborhood  as  soon  as  formed,  the  eft'ect  spreading  to  adjacent 
regions  as  they  dift'use,  until  their  concentration  becomes  too  low 
to  be  eft'ective.  With  these  assumptions,  the  Kostinsky  "  repulsion" 
of  neighboring  images  is  easily  explained.  Consider  a  pair  of 
adjacent  images.  As  development  goes  on,  the  liberated  products 
of  development  pour  into  the  intervening  space  from  both  sides, 
restraining  or  inhibiting  development  of  the  latent  image  in  this 
region,  as  explained  above.  But,  on  the  ''far"  sides,  the  concen- 
tration of  the  products  of  development  is  only  one-half.  There 
^  Physikalische  Zeitschrift,  13,  288,  191 2. 
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is  less  restraining  action  of  the  latent  image  in  these  regions,  there- 
fore. The  net  result  of  this  non-symmetrical  action  on  each  image 
is  an  apparent  repulsion  or  retrocession  of  centers.  This  action 
is  very  well  illustrated  in  Figure  6  which  is  an  enlargement  of  a 
pair  of  close  images,  the  oval  form  being  quite  perceptible.  In 
Figure  8  the  action  downward  in  the  film  is  shown.  It  will  be 
noticed  that  the  density  or  amount  of  silver  is  less  in  the  center 
of  the  image  than  at  the  edge.  This  is  the  true  Eberhard  efTect,  of 
dependence  of  density  of  image  on  its  size.  The  Kostinsky  and 
Eberhard  effects  are  considered  to  be  but  different  manifestations  of  a 
common  phenomenon:  in  the  Kostinsky  effect  we  are  concerned 
with  the  developer  effect  on  size  of  image,  in  the  Eberhard  effect 
with  the  developer  effect  on  density  of  image. 

Up  to  this  point  a  seemingly  confused  mass  of  material  has  been 
presented,  the  results  from  which  appear  more  or  less  contradictory: 
in  some  cases  the  net  result  of  an  experiment  is  a  repulsion,  in 
others  an  attraction.  It  is  therefore  pertinent  to  inquire  if  there 
is  any  principle  governing  the  net  eft'ect.  It  will  be  noticed  that 
in  general  in  those  cases  where  a  repulsion  has  been  obtained,  the 
images  were  formed  by  overexposure;  and  in  those  cases  where  an 
attraction  was  found,  the  exposures  have  been  normal.  This  is 
equally  true  with  respect  to  the  results  obtained  by  other  investi- 
gators quoted  above,  and  those  obtained  by  the  writer  as  just 
described.  As  to  the  cause,  it  is  only  necessary  to  assume  that 
in  overexposure  the  retarding  action  of  the  products  of  development 
is  very  great,  or  that  it  is  directly  proportional  to  the  exposure. 
This  is  a  not  unreasonable  assumption.  Instead  of  the  separation 
of  images,  therefore,  being  the  only  controlling  factor  in  the  Kos- 
tinsky repulsion,  or  development  effect,  as  has  heretofore  been 
assumed,  an  equally  powerful  factor  is  the  exposure  value. 

The  conclusion  is  that  in  average  work  a  slight  contraction  in 
separating  distance  of  neighboring  stellar  images  or  bright  emission 
lines  in  spectra  is  to  be  expected.  But  on  account  of  variations 
in  exposure  from  normal  to  overexposure,  it  is  by  no  means  certain 
in  any  giver  case  that  contraction  will  result:  there  may  be  no 
effect,  or  there  may  even  be  a  repulsion.  Summing  up,  if  exposures 
are  kept  at  a  minimum,  errors  exceeding  two  or  three  microns  need 
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not  be  feared.  The  importance  of  reducing  the  exposures  to  the 
lowest  possible  value  is  to  be  emphasized. 

Behavior  of  close  absorption  lines. — Upon  applying  the  reasoning 
used  in  the  treatment  of  close  double  stars  and  bright-line  spectra 
or  emission  lines  to  the  case  of  absorption  lines,  important  differ- 
ences arise  in  the  case  of  all  three  of  the  factors  of  turbidity,  gelatine 
effect,  and  development  effect.  This  is  especially  true  in  respect 
to  the  turbidity  eff'ect.  Consider  two  neighboring  absorption 
lines,  separated  by  an  illuminated  strip.  The  intensity  of  illumi- 
nation in  this  area  must  be  less  than  in  the  regions  adjacent  to  the 
"far"  boundaries  of  the  lines.  This  becomes  clear  when  it  is  noted 
that  in  the  case  of  a  turbid  medium  such  as  a  photographic  emulsion 
the  intensity  of  the  illumination  at  any  point  within  it  is  the  result- 
ant of  the  flux  at  the  surface  combined  with  flux  from  the  sur- 
rounding regions,  which  has  been  bent  from  its  normal  course  by 
diffraction  and  reflection.  In  the  case  in  hand,  the  surrounding 
regions  are  the  unilluminated  absorption  lines  which  lie  on  each 
side  of  the  bright  area.  There  is  therefore  a  deficiency  of  illumi- 
nation at  the  adjacent  edges  of  the  absorption  lines  leading,  in 
the  developed  image,  to  an  apparent  broadening  of  each  line 
as>Tnmetrically.  Owing  to  the  factor  of  turbidity,  therefore,  but 
in  quite  a  dift'erent  manner  from  the  action  of  turbidity  on  emission 
lines,  the  distribution  of  light  leads  to  an  apparent  attraction  of 
spectral  absorption  lines.  While  the  amount  of  the  attraction  in 
the  case  of  emission  lines  can  be  calculated,  as  shown  above,  any 
simple  mathematical  treatment  of  the  corresponding  problem  of 
absorption  lines  does  not  seem  possible.  Only  in  a  qualitative 
sense  can  the  attraction  be  proved  existent.  It  is  quite  evident, 
moreover,  that  the  action  is  greater  the  closer  the  lines,  so  that 
the  general  law  of  the  action  in  both  cases  appears  to  be  the  same, 
although  explained  physically  in  different  ways. 

Unlike  the  turbidity  action,  the  disturbing  action  of  the  gelatine 
seems  to  be  reversed  in  passing  from  emission  to  absorption  lines. 
Recalling  that  the  movement  of  the  edge  of  an  image  in  the  process 
of  drying  is  always  toward  the  region  of  greater  density,  and  noting 
further  that  the  weak  density  separating  the  absorption  lines  has 
less  of  a  "puir'  than  the  stronger  density  adjacent  to  the  far  edges. 
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it  follows  that  absorption  lines  are  apparently  repulsed  owing  to 
their  asymmetric  broadening  in  drying.  It  is  quite  likely  that  the 
action  is  weaker  than  in  the  case  of  bright-line  spectra,  for  in  order 
to  preserve  the  definition  and  even  the  visibility  of  absorption 
lines  the  exposures  given  are  relatively  weak  and  the  developed 
densities  low.  The  writer  has  previously  shown'  that  the  gelatine 
efifect  diminishes  as  the  density  of  the  image  becomes  less.  In 
bright-line  spectra,  on  the  contrary,  the  visibility  is  improved  by 
long  exposures,  so  that  the  central  diffraction-image  may  be  in 
this  case  very  much  overexposed.  The  chemical  actions  in  develop- 
ment are  accordingly  more  intense,  leading  to  greater  disturbance 
than  in  the  case  of  absorption  lines. 

It  remains  to  consider  the  development  disturbance  in  close 
absorption  lines.  Applying  the  hypothesis  used  in  the  previous 
cases  of  double  stars  and  emission  lines,  namely,  that  the  edge  of 
a  silver  image  loses  density  in  development  by  an  amount  propor- 
tional to  the  chemical  activity  going  on  in  the  region  back  of  the 
edge,  it  will  be  seen  that  the  far  edges  of  absorption  lines  suffer 
to  a  greater  extent  than  the  near  or  adjacent  edges,  so  that  here 
again  an  apparent  repulsion  takes  place.  As  in  the  case  of  the 
gelatine  effect,  the  amount  of  the  action  should  be  less  for  absorption 
than  for  bright-line  spectra,  owing  to  the  low  densities  concerned. 

In  addition  to  the  three  disturbances  just  considered  which 
are  present  in  both  emission  and  absorption  spectra,  there  is  a 
fourth  disturbance  which  is  effective  only  in  the  case  of  absorption 
lines.  On  account  of  the  great  extent  of  the  illuminated  area  of 
the  plate  back  of  the  non-adjacent  edges  of  the  absorption  lines, 
it  is  to  be  expected  that  the  distribution  or  falling  off  in  light- 
intensity  at  these  edges  is  different  from  that  at  the  near  or  con- 
tiguous edges.  From  general  considerations  the  light-curve  at  the 
far  edges  should  be  flatter,  or  k,  in  the  intensity  equation  (i), 
smaller.  Accordingly  m,  the  rate  of  growth  of  these  edges  with 
exposure,  is  greater  (equation  [2J).  The  result  is  an  apparent 
attraction  of  the  lines.     The  eft'ect  is  enhanced  by  halation. 

Considering  the  totality  of  the  disturbing  actions  concerned 
in  the  case  of  absorption  lines,  it  may  be  predicted  that  errors  in 

^  Astro  physical  Journal,  52,  104,  1920. 
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the  measurement  of  adjacent  absorption  lines  are  small.  It  is 
accordingly  difficult  to  explain  the  difference  between  the  Row- 
land and  the  Mount  Wilson  measures,  found  by  St.  John,  as  being 
due  to  the  phenomena  here  considered,  which  strengthens  the 
case  for  the  "personality"  explanation  of  the  differences,  or  at 
least  a  portion  of  them.  The  anomalies  found  by  Goos  are  more 
of  the  order  that  might  be  expected. 

The  writer  has  made  a  series  of  laboratory  experiments  on 
artificial  absorption  lines,  the  results  from  which  will  now  be  given. 
In  a  first  experiment  a  series  of  nine  pairs  of  lines  was  arranged  on 
the  test-object  (called  F)  to  be  photographed,  the  separation  of 

TABLE  VII 
Absorption  Lines,  Varying  Separation 


Pair 

Wet 

Dry 

Wet-Dry 

5o 

Sc 

Diff. 

So 

Sc 

Diff. 

E 

I 

2 

3 

4 

5 

6 

7 

8 

9 

mm 

0.0793 

.0703 

.0660 

■  05S7 
.0520 

■  0487 
.0417 
.0410 

0.0343 

mm 

(0.0793) 

•  0713 

.0669 

■  0565 

■  0531 
.0487 
■0435 
.0427 

0.0374 

mm 
(  0.0000) 

—  .0010 

—  . 0009 

—  . 0008 

—  .0011 
.0000 

—  .0018 

—  . 001 7 
—0.0031 

mm 
0.0800 
.0713 
.0673 
.0560 
.0527 
•  0490 
.0420 
-0423 
0.0353 

mm 

(0 .  0800) 

.0719 

•  0675 

•  0570 
.0536 
.0491 
.  0439 

•  0431 
0.0378 

mm 

(  0.0000) 

—  .0006 

—  . 0002 

—  .0010 

—  .0009 

—  .0001 

—  .0019 

—  . 0008 

—  0.0025 

mm 
0.03s 

•  031 
.029 

•  027 
.024 
.022 
.021 
.020 

0.012 

mm 
—0.0007 

—  .0010 

—  .0013 

—  .0003 

—  . 0007 

—  .0003 

—  .0003 

—  .0013 
—0.0010 

the  widest  pair  being  1.50  mm  and  of  the  closest  0.71  mm.  The 
width  of  the  lines  is  equal  to  the  separating  spaces.  The  distances 
on  the  test-object  were  accurately  measured,  so  that,  assuming  no 
optical  distortion,  the  relative  correctness  of  the  reduced  separa- 
tions in  the  photograph  can  be  tested  by  simple  proportion.  Table 
VII  shows  the  results  obtained.  Each  measured  distance  given 
is  the  mean  of  measurement  of  nine  separate  exposures. 

So  is  the  measured  separation  of  centers  of  the  lines;  Sc  is  the 
value  computed  as  above  described.  E  is  the  separation  of  adjacent 
edges.  Results  are  given  for  plates  measured  both  wet  and  dry. 
The  prediction  that  the  actions  would  be  small  is  verified.  The 
net  result  is  an  apparent  attraction  of  close,  spectral  absorption 
lines.  Accordingly  in  this  case  the  repulsive  developer  action 
must  be  relatively  small. 
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It  is  important  to  obtain  data  on  the  behavior  of  absorption 
lines  for  overexposures,  as  has  already  been  done  for  double  stars 
and  emission  lines.  For  this  purpose  two  test-objects  G  and  H 
were  made,  composed  of  parallel  opaque  strips  about  6  mm  wide. 
In  G  the  strips  were  placed  far  apart,  in  H  close  together.  The 
dimensions  are  as  follows: 


G 

mm 


Separation  of  centers  of  strips 8 .  694 

Separation  of  adjacent  edges 2 .  414 


H 

mm 
6.620 

0.400 


These  were  photographed  in  the  camera  as  before,  with  exposure 
times  from  i  to  120  seconds  and  completely  developed  in  Process 
developer.  Two  series  of  each  were  made  and  each  plate  measured 
twice,  so  that  the  numbers  given  below  are  the  means  of  four 
separate  values.  In  order  to  eliminate  personality  error,  settings 
were  made  on  the  four  edges,  from  which  the  separation  of  centers 
was  computed.  In  the  shortest  exposure  (i  sec.)  the  densities 
were  low  and  of  the  order  obtained  in  practical  work. 


TABLE  VIII 
Absorption  Lines  with  Increasing  Exposure 


Exposure 
Time 


sec. 

I  .  .  .  . 

2.  .  .  . 

4.... 

7.... 

I5---- 

30--- 

60.... 

120.  . .  . 

Mean 


S  Wet 


0-453 
■453 
■449 
•449 
•451 
.448 
■449 

0.448 


0.450 


S  Dry 


'•457 
•456 
•455 
.458 
■457 
•454 
■454 

'■455 


0.456 


mm 
0.125 
.  129 
.136 
.149 
.161 

•175 

.  190 

0.18S 


H 


S  Wet 


SDry 


347 

0 

346 

345 

341 

337 

SZ3 

Z2,2> 

331 

0 

mm 
'•350 

•349 
•347 
•345 
•341 
•341 
'•337 


mm 

D.008 

•013 
.018 
.024 
.036 
.047 
.060 


Width  of 

Lines 


mm 

0.34 
34 
3,Z 
32 
31 
30 
28 
27 


In  the  case  of  the  wide  pair  G,  no  certain  variation  with  exposure 
time  is  apparent.  But  in  the  case  of  the  close  pair  a  strong  attrac- 
tion with  increasing  exposure,  or  else  a  repulsion  with  diminishing 
separations,  is  apparent.  In  order  to  decide  which  of  these  alter- 
native statements  is  the  correct  one,  recourse  may  be  had  to  the 
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measured  separations  of  the  lines  on  the  test-object  itself,  already 
given.     We  find  in  this  way: 

o  •  r    Tx    /  N  6 .620 

beparation  of  H  (wet)  =  0.453  ^~7 —  =  0.345  mm 

Separation  of  H  (dry)  =0.457  ^-— —  =  0.348  mm 

Thus,  except  for  a  slight  repulsive  action,  which  can  be  neglected 
for  the  moment,  the  separations  in  the  case  of  test-object  H  are 
correctly  given  for  the  short  exposures  even  though  the  edges  of 
the  lines  are  nearly  in  contact.  In  the  case  of  the  heavy  exposures 
on  H  the  lines  are  relatively  far  apart  and  yet  a  strong  attraction 
has  taken  place,  amounting  to  13  ^u.  This  is  very  readily  explained 
as  due  to  the  fourth  disturbing  factor  outlined  above,  namely^ 
the  greater  turbidity  on  the  far  sides  of  the  absorption  lines  com- 
bined with  halation.  In  fact,  the  greater  sharpness  of  the  inside 
of  each  absorption  line  was  apparent  in  the  measurement.  This 
cannot  be  considered  an  optical  lack  of  sharpness  since  the  field 
angle  for  the  outside  edge  is  only  6'. 

A  sufficient  number  of  experiments  have  been  described  to 
show  the  great  complexity  of  the  mutual  action  of  adjacent  images. 
It  has  been  the  aim  of  the  paper  to  cover  the  field  only  in  a  general 
way  in  order  to  disclose  the  factors  of  importance.  A  partial 
solution  of  the  problem  of  eliminating  mutual  attractions  and 
repulsions  has  been  indicated.  It  remains  for  future  work  to  make 
a  detailed  study  of  the  action  of  various  developers  in  the  hope  of 
securing  one  giving  correct  or  normal  development  of  the  latent 
image. 

e.\stm.\x  kod.'vk  comp.any 
Rochester,  N.Y. 
Februar>'  3,  192 1 


OBSERVATIONS  OF  THE  NEBULAR  LINES  IN 

THE  SPECTRUM  OF  THE  LONG-PERIOD 

VARIABLE  STAR  R  AQUARII' 

By  PAUL  W.  MERRILL 
ABSTRACT 

Discovery  of  nebular  lines  in  the  spectrum  of  R  Aquarii.—This  star  has  a  typical 
Md  spectrum  similar  to  that  of  about  85  per  cent  of  all  long-period  variable  stars.  In 
October,  1919,  the  bright  nebular  lines  \X4363,  4658,  4959  N2,  and  5007  Ni,  and  the 
helium  line  X4471,  which  also  occurs  in  nebulae,  were  found  to  be  superposed  on 
the  Md  spectrum.  Later  observations  have  shown  that  these  lines  do  not  share  in  the 
changes  of  intensity  exhibited  by  the  light  of  the  variable  star,  although  they  appear  to 
emanate  from  the  same  object. 

Intensities  and  displacements  of  the  Md  and  nebular  lines  are  given  in  Table  I. 

R  Aquarii  (R.A.  i900  =  23^38"'6.  Dec.  1900=  —  i5°5o')  has  been 
known  as  a  variable  star  since  181 1.  The  photometric  data, 
according  to  the  Harvard  College  Observatory,  are  as  follows: 
maximum  magnitude  6.2;  minimum  magnitude  ii.o;  period 
385.5  days.  The  same  authority  states  that  R  Aquarii  has  the 
broadest  minimum  of  75  long-period  variables  whose  light  curves 
were  carefully  studied.  Its  mean  light-curve  has  a  broad,  flat 
minimum  and  a  very  rapid  rise  to  maximum. 

The  Harvard  objective-prism  photographs  have  shown  the 
spectrum  to  be  of  the  same  class  as  that  of  85  per  cent  of  the  long- 
period  variables,  namely,  Md.  Spectra  of  this  class  are  marked  by 
bright  hydrogen  lines  superposed  upon  a  continuous  spectrum 
which  is  notched  by  numerous  absorption  bands  of  titanium  oxide. 
Variations  in  the  relative  intensities  of  the  bright  H7  and  H5  lines 
are  common  in  Md  spectra,  and  have  been  found  in  the  spectrum  of 
R  Aquarii. 

So  far  as  known,  the  first  slit  spectrogram  of  this  object  was 
secured  on  October  16,  1919,  with  a  single-prism  spectrograph 
attached  to  the  100-inch  Hooker  telescope.  This  showed,  in 
addition  to  the  usual  Md  spectrum,  several  bright  lines  character- 
istic of  gaseous  nebulae.    Three  such  lines  were  conspicuous,  namely, 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  206. 
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X  5007  Ni,  X  4959  N^,  and  X  4363,  while  X  4658  and  X4471  He 
were  faintly  visible.     Plate  IX  reproduces  four  spectrograms. 

On  this  date  the  star  was  of  magnitude  d>.T);  during  the  next 
fifteen  days  it  brightened  rapidly,  and  then  remained  nearly 
constant  at  magnitude  6.9  for  about  two  months,  after  which  a 
rapid  decline  took  place. ^  This  maximum  appears  to  have  been 
unusually  broad  and  fiat.  The  spectrographic  observations 
following  October  16,  19 19,  showed  that  the  nebular  lines  did  not 
share  in  the  increase  in  intensity  exhibited  by  the  bright  hues  of 
the  Md  spectrum.  No  well-exposed  plate  was  secured  in  the 
short  interval  after  maximum  before  the  star  was  lost  in  the  evening 
sky,  but  such  plates  as  were  obtained  indicated  that  the  nebular 
lines  had  begun  to  regain  their  previous  intensities  with  respect 
to  the  Md  spectrum.  By  the  time  observations  could  be  resumed 
in  the  morning  sky  in  June,  1920,  the  star  had  faded  to  the  tenth 
magnitude  and  was  not  much  above  its  minimum  brightness. 
Nevertheless,  the  chief  nebular  lines  could  be  photographed  with 
about  the  same  exposure  times  as  at  maximum,  although  the 
continuous  spectrum  was  practically  absent,  even  with  considerably 
longer  exposures. 

The  approximate  relative  intensities  of  the  emission  lines  as 
photographed  with  a  single  dense  flint  prism  on  Seed  30  plates  are 
given  in  Table  I. 

The  Md  spectrum  of  R  Aquarii  near  maximum  Hght  contains 
the  bright  hydrogen  lines  H/3,  H7,  and  H5,  which  are  superposed 
upon  corresponding  bright  lines  associated  with  the  nebular 
spectrum.  This  is  made  clear  by  a  study  of  the  manner  in  which 
the  intensities  and  displacements  of  these  lines  vary  during  the 
light  cycle.  At  maximum  the  H7  and  H5  lines  of  the  Md  spectrum 
are  many  times  as  strong  as  the  corresponding  nebular  H7  and  H5 
lines,  but  at  minimum  they  appear  to  be  of  negligible  strength 
compared  with  these  nebular  lines.  The  relative  intensities  of 
the  hydrogen  lines  in  the  Md  spectrum  of  R  Aquarii  at  maximum 
and  the  disappearance  of  these  lines  at  minimum  are  not  at  all 
unusual  for  this  type  of  spectrum.     The  bright  magnesium  line 

•  jNIr.  Leon  Campbell,  of  Harvard  College  Observatorj-,  has  kindly  supplied  the 
photometric  data. 
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X4571,   which  was  observed   in   the  spectrum  of  R  Aquarii   at 
minimum,  is  characteristic  of  Md  stars  at  this  phase.' 

The  relative  intensities  of  the  Unes  in  the  nebular  spectrum  do 
not  appear  to  be  precisely  matched  in  any  nebula  observed  by 
Wright^  although  there  are  several  objects  in  his  list  that  are 
similar  in  some  particulars.  The  decrease  in  intensity  in  the 
B aimer  series  of  hydrogen  in  passing  from  H7  to  H5  is  rapid  as 
compared  with  the  nebulae.  Other  noteworthy  features  are  the 
strength  of  X  4363,  the  presence  of  X  4658,  and  the  absence  (or 

TABLE  I 

IXTEXSITIES   AND   DISPLACEMENTS   OF   LlNES   IN   THE   SPECTRUM   OF  R  AqUARII 


Wave-Length 

Identification 

Intensities 

Displacements  (km/sec.) 

I  A 

Nebular 

Md  (max.) 

Nebular 

Md 

4101 .74 

H5 
Uy 

Nebular 
He 

Mg 

Nebular 

H/3 

Nebular  (N2) 
Nebular  (Ni) 

I 
5 
4 

I 

60 
30 

(-   6) 
—  12 
-25 

(-10) 

-32 
-33 

4340.47 

4^6^ .21* 

4471 .48 

4:71    II 

(-34) 

4658.2* 

I 
10 
II 
20 

(-15) 

—  10 

-  7 
7 

4861.33 

40s 8    Qlt 

5 

5006    84 1 

Absorption  lines          .    . 

— 10 

*  Wright.  Publications  of  the  Lick  Observatory,  13,  183,  1918. 
t  Campbell  and  Moore,  Lick  Observatory  Bulletins,  9,  9,  1916. 


relative  weakness)  of  X  4686.  An  additional  nebular  line,  X  3869, 
was  observed  in  the  spectrum  of  R  Aquarii  by  Moore^  at  the  Lick 
Observatory  on  November  3,  191 9.  Light  of  this  wave-length  is 
strongly  absorbed  by  the  dense  flint  glass  of  the  Mount  Wilson 
spectrographs,  but  faint  traces  of  the  line  appear  to  be  present  on 
spectrograms  taken  here  on  October  17  and  December  14,  1919, 
and  September  2,  1920.  Wright  has  made  some  very  interesting 
comments'*  on  the  absence  of  the  companion  line  X  3967,  and  on 
some  other  features  of  this  spectrum. 

'  Ml.  Wilson  Conlr.,  No.  200;  Astrophysical  Journal,  52,  185,  192 1. 

2  Piiblicalions  of  the  Lick  Observatory,  13,  183,  1918. 

3  Publications  Astronomical  Society  of  the  Pacific,  31,  309,  1919. 
*  Ibid. 
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In  spite  of  the  extraordinary  nature  of  this  combination  spec- 
trum, various  observations  appear  to  show  that  the  nebular  Hnes 
and  the  ]Md  spectrum  both  emanate  from  the  same  star.  Notes  on 
these  observations  have  been  pubhshed'  and  need  not  be  repeated 
here.  Radial-velocity  data  bear  on  this  question,  but  the  measure- 
ments made  at  Mount  Wilson  and  given  in  Table  I  do  not  as  yet 
afford  conclusive  evidence  concerning  the  nature  of  the  connection 
between  the  two  spectra.  The  values  in  the  table,  w4th  the 
exception  of  those  in  parentheses,  depend  upon  from  seven  to 
eighteen  one-prism  plates,  and  should  not  be  much  in  error.  H/3 
and  the  chief  nebular  lines  are  in  a  part  of  the  spectrum  which  is 
somewhat  unfavorable  for  accurate  measurement,  but  tests  on 
N.G.C.  7027  and  on  bright-line  stars  show  that  no  considerable 
systematic  error  is  to  be  expected.  All  the  lines  associated  with 
the  nebular  spectrum  probably  give  the  same  displacement  within 
errors  of  measurement,  except  X  4363,  which  is  shifted  toward  the 
violet  by  0.2  A.  It  is  improbable  that  Wright's  value  of  the 
wave-length  (4363.21  I  A)  is  in  error  by  so  large  an  amount. 
The  lines  of  the  Md  spectrum  exhibit  perfectly  t}'pical  behavior, 
the  same  relative  displacement  of  about  14  km  between  bright 
and  dark  lines  ha\dng  been  found  in  0  Ceti  and  in  many  other  ]\Id 
stars. 

The  principal  facts  concerning  the  line  displacements  in  the 
spectrum  of  R  Aquarii  may  be  summarized  as  follows: 

Md  bright  lines —S3  km/sec. 

X  4363,  nebular —25 

Md  absorption  lines —  iq 

Nebular  lines,  except  X  4363 — 10 

The  displacements  are  expressed  in  kilometers  per  second  merely 
for  convenience.  The  cause  of  the  differences  is  not  obvious; 
they  may  or  may  not  be  due  to  relative  motion.  One  does  not 
readily  beheve  that  the  object  is  a  long-period  binary  with  an 
Md  star  for  one  component  and  a  planetary  nebula  for  the  other. 
The  question  as  to  whether  in  Md  stars  in  general  the  bright 
lines,  or  the  dark  lines,  or  neither,  yield  the  correct  radial  velocity 

'Wright,  Publications  Astronomical  Society  of  the  Pacific;  Merrill,  ibid.,  31,  305, 
1919,  and  32,  247,  1920. 
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of  the  star  is  an  important  one.  It  is  hoped  that  a  statistical 
investigation,  observations  for  which  are  now  being  secured,  will 
indicate  the  solution.  Perhaps  the  behavior  of  the  nebular  lines 
in  R  Aquarii  will  throw  a  side  light  on  this  puzzling  phenomenon. 

It  would  be  of  great  interest  to  know  whether  the  nebular  lines 
have  been  present  in  the  spectrum  of  R  Aquarii  for  many  years 
past,  or  whether  they  are  the  results  of  some  recent  outburst. 
The  Harvard  record,  consisting  of  objective-prism  spectrograms 
of  small  dispersion,  dates  from  1893.  The  fact  that  the  nebular 
lines  are  not  observable  on  the  Harvard  plates,  even  on  those 
made  at  minimum  light  when  the  continuous  spectrum  would  be 
very  weak,  tends  to  show  that  they  have  not  been  so  strong  at  all 
times  as  they  have  been  recently;  but  the  evidence  is  perhaps 
not  quite  conclusive. 

At  present  we  have  so  little  knowledge  of  the  chemical  and 
physical  interpretation  of  the  nebular  lines  that  the  meaning  of 
their  presence  in  R  Aquarii  cannot  be  stated.  Since  the  Md 
spectrum  probably  arises  under  low-temperature  conditions,  the 
possibility  of  the  production  of  the  chief  nebular  lines  Nj  and  N2 
and  of  X  4363  without  intense  conditions  of  excitation  is  suggested. 
It  may  be  of  significance  in  this  connection  that  X  4686,  which  in 
the  laboratory  requires  high  excitation  for  its  production,  has  not 
been  observed  in  R  Aquarii.  Laboratory  experiments  on  long 
columns  of  gases  under  low  excitation  might  not  be  amiss. 

Mount  Wilson  Observatory 
March  1921 


ON  SYSTEMATIC  DISPLACEMENTS  OF  LINES  IN 
SPECTRA  OF  VENUS^ 

Bv  CHARLES  E.  ST.  JOHN  and  SETH  B.  XICHOLSOX 
ABSTRACT 

Systematic  displacements  of  the  solar  lines  in  spectra  of  VeJiiis. — Under  certain 
conditions  of  obsen-ation  there  are  line  displacements  to  the  violet  of  a  few  thousandths 
of  an  angstrom  when  comparison  is  made  with  the  position  of  the  lines  in  the  spectrum 
of  integrated  skylight.  Other  conditions  remaining  constant,  the  displacements  are 
greater  at  low  than  at  high  altitudes. 

Atmospheric  refraction. — The  correlation  with  the  altitude  at  the  time  of  obser\-a- 
tion  points  to  refraction  as  the  controlling  factor  rather  than  to  a  repulsive  "earth- 
effect"  acting  on  the  solar  vapors  as  suggested  by  Evershed.  The  altitude  correlation 
is  represented  by  AXio~^  =  i  .4—1 .0  cot  /;.  The  residuals,  after  removing  the  effect 
depending  upon  altitude,  correlate  equally  well  with  the  semidiameter  D  of  Venus, 
the  phase  angle  /,  or  the  angle  VSE.     The  obser^-ations  are  satisfactorily  represented 

by  the  relation  A\io~^  =  i.$ -^-yr which  is  deduced  from  the  assumption  that 

the  observed  displacements  are  caused  by  unsymmetrical  illumination  of  the  slit  due 
to  the  separation  of  the  visual  and  photographic  images  by  atmospheric  refraction, 
and  that  the  unequal  illumination  is  a  function  of  the  diameter  of  the  image  and  the 
width  of  the  slit. 

Superposed  skylight. — Spectroscopic  observations  of  \'enus  beginning  at  sunset 
or  ending  at  sunrise  are  not  measurabh-  affected  by  superposed  skylight. 

I.       INTRODUCTION 

Evershed  and  Royds  have  proposed  an  interpretation  of  the 
differences  between  terrestrial  and  solar  wave-lengths^  based  solely 
on  radial  velocity.  They  assume  that  the  solar  gases  at  all  points 
on  the  sun  are  receding  from  the  earth.  This  means,  they  say,  an 
"earth-effect'' — an  actual  repulsion  of  the  solar  gases  by  the  earth, 
and  not  by  other  planets.  Through  such  earth-induced  move- 
ments of  the  solar  vapors  Evershed  has  attempted  to  explain  dis- 
placements of  the  Fraunhofer  lines  at  the  center,  over  the  disk, 
and  at  the  limb  of  the  sun,  discarding  interpretations  involving 
pressure-effects,  radial  convection  currents,  anomalous  dispersion, 
and  the  Einstein  gravitational  shift. ^     No  explanation  of  an  "  earth- 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  20S. 

^  Kodaikanal  Observatory  Bulletin,  No.  39,  1916.  ^  Observatory,  43,  153,  1920. 
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effect"  is  suggested  and  the  arbitrary  and  extraordinary  nature  of 
the  assumption  is  recognized;  yet  Evershed  is  so  convinced  of  its 
reality  that  he  says,'  "Whether  we  Hke  it  or  not,  it  seems  necessary 
to  admit  that  the  Earth  does  affect  the  Sun,  causing  a  movement 
of  the  gases  analogous  to  that  taking  place  in  a  comet."  This 
view  he  believes  is  confirmed  by  his  observations  upon  the  spectrum 
of  Venus.  The  idea  of  an  apparent  "earth-eft'ect"  upon  solar 
phenomena  is  not  new.  Sykora^  in  1897  called  attention  to  a  pre- 
dominance of  eastern  prominences,  and  in  1907  Mrs.  Maunder 's 
paper  "An  Apparent  Influence  of  the  Earth  on  the  Numbers  and 
Areas  of  Sun-Spots  in  the  Cycle  1889-1901"  was  communicated  to 
the  Royal  Astronomical  Society.^ 

According  to  Evershed's  assumption,  the  displacements  observed 
in  the  light  from  the  earth-facing  hemisphere  of  the  sun  should 
differ  from  those  observed  in  the  light  from  any  other  hemisphere; 
for  example,  from  the  hemisphere  facing  Venus. 

He  finds  that  when  the  angle  Venus-sun-earth  is  small  the 
wave-lengths  in  the  spectrum  of  Venus  are  slightly  shorter  than 
those  in  direct  sunlight;  that  this  difference  increases  as  the  angle 
VSE  increases;  that  when  the  angle  is  90°  the  shortening  equals 
the  difference,  sun  minus  arc,  the  wa\*e-lengths  from  Venus  and  in 
the  terrestrial  source  then  becoming  equal;  and  that  for  larger 
angles  the  displacements  relative  to  the  arc  are  to  the  violet;  that 
is,  in  the  light  from  the  earth-facing  hemisphere  of  the  sun  the 
Fraunhofer  lines  are  displaced  toward  longer  wave-lengths,  while 
in  the  light  from  the  opposite  hemisphere  the  displacements  are 
toward  the  violet  when  compared  with  the  terrestrial  source.-^  In 
order  to  obtain  independent  observational  data  bearing  upon 
these  extraordinary  results,  we  have  carried  out  two  series  of 
observations,  the  first  in  1919  with  Venus  east  of  the  sun,  and  the 
second  in  1919-1920  with  Venus  west  of  the  sun. 

II.       INSTRUMENTS    AND    METHODS 

The  observations  were  made  with  the  Snow  telescope  of  60-foot 
focus  in  connection  with  a  Littrow  grating-spectrograph,   focus 

'  Observatory,  42,  52,  iqiq. 

^  Memorie  della  Societd  degli  Spellroscopisli  Ilaliani,  26,  161,  1897. 

^Monthly  Notices,  67,  451,  1907.  ^Observatory,  43,  156,  1920. 
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18  feet.  The  horizontal  beam  from  the  2-foot  concave  mirror  is 
directed  downward  by  a  45°  flat  upon  the  slit  of  the  spectrograph 
installed  in  the  constant-temperature  pit  recently  added  to  the 
equipment  of  the  Snow  telescope.  The  diameter  of  the  image  of 
Venus  varied  from  1.3  to  7,.t,  mm.  The  slit  was  0.05  mm  wide, 
its  position  being,  in  general,  approximately  normal  to  the  termi- 
nator. The  grating  was  ruled  by  Anderson  and  kindly  loaned  by 
Professor  R.  W.  Wood,  of  the  Johns  Hopkins  Physical  Laboratory. 
The  ruled  surface  is  95  mm X 170  mm;  it  is  very  bright  i;i  the  first 
order  and,  as  used,  gives  a  linear  dispersion  of  3  A  per  mm.  The 
collimating  lens  has  an  aperture  of  6  inches. 

Exposures  were  made  upon  the  iron  arc  simultaneously  with 
exposures  upon  Venus,  the  sky,  or  the  center  of  the  sun.  In 
19 19  the  center  of  an  enlarged  image  of  the  arc  was  projected 
upon  the  slit,  the  intensity  being  controlled  by  a  rotating  sector 
and  ray  filter.  In  the  second  series  a  ground  glass  was  placed  in 
front  of  the  arc,  and  the  integrated  light  was  used.  Any  errors 
in  the  wave-lengths  of  the  reference  lines  would  affect  the  measure- 
ments of  Venus  and  of  the  sky  in  the  same  way,  leaving  the  relative 
wave-lengths  dependable.  The  iron  lines  in  Table  I  were  used  as 
standards  of  reference. 

TABLE  I 

Reference  Lines — International  System 

4375.934  A  4466. 557  A  4592.658  A 

4407.716  4494.570  4625.054 

4427.314  4525.146  4647.440 

4447.724  4547.854  4667.461 

The  wave-lengths  of  30  lines  were  measured  in  the  spectra  of 
the  center  of  the  sun,  of  skyhght,  and  of  Venus.  The  spectro- 
grams were  measured  red  right  and  red  left  and  reduced  by  identical 
methods.  In  all,  56  spectrograms  of  Venus  were  secured,  41  of  the 
sky,  and  9  of  the  sun.  It  early  became  evident  that  the  center  of 
the  sun  and  the  integrated  skylight  give  the  same  wave-lengths, 
the  contribution  of  the  limb-displacements  to  the  red  being  inap- 
preciable in  the  integrated  hght.  The  sky  minus  center  for  the 
30  lines  is  +0.0001  A.     The  lines  measured  are  given  in  Table  II. 
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These  lines  were  selected  irrespective  of  whether  they  are  blends 
or  not,  as  they  were  to  be  used  for  relative  wave-lengths  only. 

The  data  for  the  individual  plates  are  given  in  Tables  III  and 
IV.  The  time  of  observation  has  been  taken  as  the  mean  of  the 
beginning  and  the  end  of  the  exposure,  except  in  a  few  cases  where 
clouds  interrupted.  No  attempt  has  been  made  to  obtain  the 
mean  time  of  the  effective  exposure,  which  would  be  somewhat 
different  from  that  used  on  account  of  the  change  in  atmospheric 

TABLE  II 

Lines  Measured  in  Spectra  of  Venus  and  the  Sky 


Rowland  X 


4376 
4422 

35 
42 
43 
47 
51 
56 
68 
76 
82 
84 
85 
94 
4508 


107 
741 
851 
510 
976 
892 
752 
030 
663 
214 
376 
392 
846 
738 
455 


Int. 


Element 


Fe 

Fe,  Y 

Ca 

Fe 

Ti 

Fe 

Mn 

Mn2,Ca3 

Ti- 

Fe4,  Ag3 

Fes,  Fe3 

Fe 

Fe 

Fe 

Fe?,- 


Limb- 
Center 


+0.005 


+0.006 
+0.006 
+0.008 
+0.005 


+  0.007 
+  0.004 


+  0.010 
+  O.OII 


Rowland  X 


4527 
34 
48 
54 
63 
71 
84 

4602 

03 

25 
26 

29 
30 
51 
52 


lOI 

953 
024 
211 
939 
275 
018 

183 
126 
227 
358 
521 
306 
461 
343 


Int. 


Element 


Ca? 

Ti 

Fe 

Ba 

Ti 

Mg 

Fe- 

Fe 

Fe 

Fe 

Cr 

Ti-Co 

Fe 

Cr 

Cr 


Limb- 
Center 


+0.007 
+0.004 
+  0.008 
+0.008 
+0.008 
+  0.007 
+0.012 


absorption.  The  third  column  gives  the  difference  between  the 
measured  wave-lengths  in  the  spectrum  of  Venus  and  those  of 
the  same  lines  in  the  spectra  of  the  sky,  corrections  for  velocity 
having  been  applied  in  both  cases.  The  difference  between  the 
heliocentric  longitudes  of  Venus  and  the  earth  was  used  as 
the  angle  VSE.  The  quantity  h  is  the  true  altitude  of  Venus. 
The  phase  angle  of  Venus  is  indicated  by  i  and  the  semi- 
diameter  by  D. 

The  velocity  of  Venus  relative  to  the  earth  was  obtained  from 
the  hourly  variation  in  the  logarithm  of  the  geocentric  distance. 
The.  relative  velocity  of  Venus  and  the  sun  was  calculated  in  the 
same  way  from  the  variation  in  the  logarithm  of  the  radius  vector 
of  Venus.     The  velocity  of  the  observer  due  to  the  diurnal  rotation 
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of  the  earth  has  been  derived  in  the  usual  way.  Q  is  the  angle 
between  the  line  joining  the  cusps  and  the  slit  of  the  spectrograph, 
measured  from  the  north  cusp  in  the  direction  of  the  illuminated 
portion  of  the  disk  to  the  end  of  the  sht  nearest  the  plate  holder. 
In  the  first  series  the  red  end  of  the  spectrum  was  on  the  right  as 
one  looked  at  the  slit  from  the  plate  holder.  In  the  second  series 
the  red  was  on  the  left  until  the  end  of  1919,  when  the  grating 
was  again  reversed.  The  measurers  are  identified  by  the  initials 
S,  N,  M,  indicating  St.  John,  Nicholson,  and  Miller,  respectively. 
We  take  this  opportunity  to  express  our  appreciation  of  the 
assistance  given  us  by  Miss  Miller  in  the  work  of  measurement 
and  reduction  and  by  Mr.  Edison  Hoge  in  making  the  observations. 

III.      DISCUSSION 

I.  Correlations. — Evershed  correlated  his  observations  with 
the  angle  VSE  and  adopted  an  interpretation  based  upon  the 
"very  incredible  h\^othesis"^  that  an  "earth-effect"  is  driving 
the  solar  vapors  from  the  earth-facing  hemisphere  of  the  sun. 
Our  observations  are  better  correlated  with  the  altitude  of  Venus 
at  the  time  of  observation.  The  natural  tendency  is  to  use  as 
high  an  altitude  as  possible,  with  the  result  that  the  altitude  of 
\^enus  at  the  time  of  observation  varies  with  the  angle  VSE.  Our 
observations,  therefore,  can  apparently  be  correlated  with  the 
angle  VSE  nearly  as  well  as  with  altitude,  but  on  18  nights  spectro- 
grams were  taken  at  both  high  and  low  altitudes:  mean  high 
altitude  29? 2,  mean  low  altitude  16? i,  which  give  AX  low  — AX  high 
=  —0.0014  A.  Among  the  low  altitude  plates  are  four  at  mean 
altitude  24? 2.  Pairs  in  which  the  low-altitude  plates  had  rela- 
tively high  altitudes  contribute  little,  on  the  basis  of  the  cor- 
relation with  altitude,  to  the  difference  sho\vn  by  the  plates  at 
low  and  high  altitudes.  On  omitting  these  plates  the  difference 
AX  low  — AX  high  for  the  14  remaining  pairs  rises  to  —0.0021  A. 
As  there  was  no  change  in  the  angle  VSE  between  the  plates  of 
each  pair  or  in  the  instrumental  adjustments,  this  difference 
between  plates  at  low  and  high  altitudes  is  definite  evidence  of  an 
eft'ect  depending  in  some  way  on  the  altitude  of  the  planet,  which 

'  Observatory,  43,  156,  1920. 
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shortened  the  wave-lengths  in  the  spectrum  of  Venus  observed  at 
low  altitude,  and  indicates  that  the  altitude  of  Venus  is  the  con- 
trolling factor  in  our  observations. 

An  effect  depending  on  low  altitude  is  naturally  associated 
with  refraction,  and  hence  with  cot  //.  To  obtain  a  relation  inde- 
pendent of  the  angle  VSE  and  dependent  only  upon  altitude  the 
coefficient  of  cot  h  in  the  equation 

AXi— AX,=.4(cot//i— cot/zj 

was  derived  from  each  of  the  18  pairs  of  plates.  Its  value  closely 
approximated  o.ooi  A.  By  means  of  this  relation  the  influence  of 
alt'tude  was  eliminated  from  the  56  original  observations.  The 
residual  displacements  showed  a  slight  variation  with  the  relative 
position  of  the  earth,  sun,  and  Venus.  It  should  be  noted,  how- 
ever, that  the  angle  VSE  is  only  one  of  the  variables  dependent 
upon  the  relative  positions  of  the  three  bodies  which  may  be  used 
in  seeking  such  correlations.  A  satisfactory  correlation  is  made 
by  assuming  that  the  observed  displacements  are  fundamentally 
due  to  conditions  arising  from  low  altitude,  and  that  the  effect  is 
greatest  when  the  image  of  Venus  is  smallest.  This  would  be 
the  case  if  the  systematic  discrepancies  were  attributable  to 
unsymmetrical  illumination  of  the  slit  arising  from  atmospheric 
refraction  and  from  the  small  and  varying  diameter  of  the  image 
in  relation  to  width  of  slit.  This  is  the  simplest  interpretation  of 
our  observations,  in  that  it  refers  the  entire  effect  to  a  single 
rational  cause.  A  solution  by  least  squares  for  this  correlation 
gives 

AXio  3  =  1.3-8.5-^, 

where  D  is  the  semidiameter  of  Venus  in  seconds  of  arc. 

If  the  angle  VSE  is  used,  the  observations  may  be  represented  by 

AXio~3  =  3  .0  —  1 .0  cot  7^—3  .0(1— cos  VSE). 

By  introducing  the  phase  angle  i,  the  following  equation  may  be 

used: 

AXio~3  =  2  .3  —  1 .0  cot  //— 3  .5  cos?. 
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As  far  as  the  observations  are  concerned,  these  three  equations 
represent  them  equally  well,  but  the  first  offers  the  most  reasonable 
and  probable  explanation. 

In  the  computation  of  the  velocity  corrections  the  value  8. "80 
was  used  for  the  solar  parallax,  and  the  velocity  displacements  due 
to  rotation  of  the  planet  were  assumed  to  be  negligible,  as  would 
be  the  case  for  the  long  rotation  period  shown  by  Slipher's  observa- 
tions.^ An  error  in  either  of  these  assumptions  would  not  affect 
the  correlations,  since  deviations  due  to  either  of  these  causes 
would  appear  with  opposite  signs  in  the  two  series  and  be  eliminated 
in  the  correlations  which  combine  them  both.  It  may  be  remarked 
that  when  the  observations  are  corrected  for  the  systematic  dis- 
placements to  the  violet  discussed  above,  the  difference  between 
morning  and  evening  series,  viewed  in  the  light  of  the  probable 
error  of  the  observations,  is  not  of  an  order  that  would  indicate 
a  divergence  from  the  assumed  parallax  or  a  rate  of  rotation  higher 
than  that  found  by  Slipher. 

2.  Superposed  skylight. — Venus  can  be  seen  on  the  slit  of  the 
spectrograph  at  any  time  during  the  day,  and  some  preliminary 
plates  indicate  that  it  may  be  possible  to  secure  reliable  observa- 
tions in  full  daylight,  provided  the  relative  velocity  of  Venus  and 
the  earth  is  large  enough  to  separate  completely  the  absorption 
lines  in  the  spectra  of  Venus  and  the  sky.  When  the  angle  VSE 
is  large,  however,  the  displacement  due  to  the  relative  velocity  is 
less  than  the  width  of  a  line,  and  wave-lengths  measured  under 
such  conditions  are  aft'ected  by  an  error  depending  on  the  bright- 
ness of  the  sky  and  the  amount  of  displacement.  This  error 
appears  as  a  shift  to  the  violet  when  Venus  is  west  of  the  sun,  and 
to  the  red  when  Venus  is  east  of  the  sun.  Tests  were  made  with 
superposed  spectra  having  dift'erent  exposures  and  a  relative  dis- 
placement of  o.  120  A.  They  showed  that  a  superposed  spectrum 
having  5  per  cent  of  the  intensity  of  the  primary  spectrum  was 
sufficient  to  produce  measurable  shifts. 

When  the  angle  VSE  is  large,  the  t'me  available  is  short,  and 
therefore  it  is  necessary,  with  Venus  east  of  the  sun,  to  begin  the 
exposures  as  early  as  possible  and,  with  the  planet  west  of  the  sun> 

'  Lowell  Observatory  Bulletin,  i,  9,  1903. 
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to  continue  them  until  the  brightness  of  the  sky  reaches  the  per- 
missible limit.  To  examine  our  observations  for  possible  effects 
due  to  superposed  skylight  near  twilight  and  dawn,  we  have 
selected  groups  of  observations  in  which  the  components  have 
approximately  equal  altitudes  but  begin  at  unequal  intervals  after 
sunset  or  end  at  unequal  intervals  before  sunrise.  The  effect  of 
altitude  is  by  this  arrangement  of  the  observations  the  same  for 
each  group.  An  examination  of  the  data  in  Table  V  reveals  no 
measurable  effect  due  to  superposed  skylight,  even  when  the 
exposures  were  begun  at  sunset  or  ended  at  sunrise,  as  is  shown 
by  the  agreement  between  the  components  of  each  group. 

TABLE  V 
Absence  of  Effect  of  Superposed  Skylight 


igig 

I9I9-I92O 

Begun 
after 
Sunset 

No. 

Plates 

h 

A\ 

Ended 
before 

Sunrise 

No. 

Plates 

h 

A\ 

min. 

36 

15 

1.6 

5 
2 

6 
8 

17° 
16.5 

26 
26 

1     1          11 
00         00 

0  b       0  b 
00       00 

min. 

6.3 

-  1-5 

13 

—  I 

3 
4 

6 
3 

15° 

14 

31 
37 

—  0.002 
-0.003 

—  O.OOI 

+0.002 

3.  The  effects  of  altitude. — The  spectroscopic  conditions  arising 
from  low  altitude  are  complex,  and  the  following  considerations 
show  that  further  investigation  is  required  to  determine  the  role 
played  by  the  various  factors  in  producing  the  observed  displace- 
ments. The  atmospheric  dispersion  at  low  altitude  displaces  the 
photographic  image  relative  to  the  visual  image  very  appreciably. 
When  the  guiding  is  done  upon  the  visual  image,  as  in  these  obser- 
vations, this  relative  displacement  may  produce  diss\Tnmetry  in 
the  illumination  of  the  slit.  At  8°  altitude  the  dispersion  between 
X4500  and  X  5700  is  8",  a  third  of  the  diameter  of  the  planet  at 
maximum  elongation.  Campbell  found  large  differences  in  the 
radial  velocity  of  Venus  when  he  compared  the  values  obtained 
by  placing  the  slit  just  inside  the  terminator  with  those  obtained 
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when  the  slit  was  just  inside  the  limb.'  These  differences,  which 
he  attributed  to  non-uniform  illumination  of  the  slit,  reversed  in 
sign  when  the  spectrograph  was  rotated  through  i8o°.  In  obser- 
vations such  as  ours  non-uniform  illumination  of  the  slit  due  to 
guiding  on  the  visual  image  would  depend  not  only  upon  the 
atmospheric  dispersion  at  low  altitude  but  also  upon  the  diameter 
of  the  image  relative  to  the  width  of  the  slit.  This  source  of  error 
we  hope  to  eliminate  in  our  next  series  of  observations  upon  Venus 
by  using  a  blue  screen  in  the  observing  telescope,  thus  making  it 
possible  to  keep  the  photographic  image  symmetrically  placed  on 
the  slit.  We  have  not  yet  found  a  satisfactory  reason  why  rota- 
tion of  the  spectrograph  did  not  reverse  the  sign  of  the  displace- 
ments, as  was  expected  if  they  are  due  entirely  to  non-uniform 
illumination  of  the  slit. 

The  refraction,  moreover,  requires  compensation  in  both  right 
ascension  and  declination,  involving  systematic  corrective  move- 
ments of  the  image  on  the  slit.  We  were  obliged  to  overcome 
the  drift  in  declination  by  a  progressive  tilt  of  the  concave  mirror, 
a  faulty  procedure,  as  the  angle  of  incidence  at  the  grating  is  very 
sensitive  to  changes  in  the  direction  of  the  beam  from  the  concave 
mirror.  This  possible  source  of  error  will  be  eliminated  from  our 
next  observations  as  motor  controls  on  the  second  flat  now  enable 
the  observer  to  guide  by  it. 

4.  Kodaikanal  observations. — -The  following  Kodaikanal  obser- 
vations are  collected  from  the  reports  and  papers  by  Evershed:^ 

TABLE   VI 

Venus — Sky  from  Kodaikanal  Observations 


VSE 

45° 

62° 

67° 

75° 

V-Sky 

-f  0.00263 

-0.0034 

—  0.0024 

—  0.0068 

VSE 

95° 

102° 

135° 

140^ 

V-Sky 

—  0 . 0009 

—  0.0052 

—  0.014 

—  0.007  A 

'  Lick  Observatory  Bulletin,  9,  30,  1916. 

^Kodaikanal  Observatory  Report,  p.  2,  1917;  p.  2,  1918;  p.  3,  1919;  Monthly 
Notices,  78,  278,  1918;   79,  257,  1919;  80,  395,  1920;   Observatory,  43,  156,  1920. 

3  Kodaikanal  Observatory  Report,  1918.  Four  excellent  plates  give  orbital  velocity 
3.5  per  cent  low.  Monthly  Notices,  78,  279,  1918:  0.45  km/sec.  less  than  orbital 
velocity.  A  displacement  of  -f-  .0067  A  is  deduced  from  these  statements  and  averaged 
with  that  of  the  1918  series. 
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Observations  when  the  angle  VSE  is  i35°-i40°  are  necessarily 
made  with  Venus  at  altitudes  of  about  10°;  near  maximum  elonga- 
tion they  would  most  naturally  be  made  at  high  altitudes;  and 
with  VSE  near  90°,  at  intermediate  altitudes.  The  altitudes  for 
the  Kodaikanal  observations  are  not  available,  but,  if  they  are 
near  the  values  suggested  as  probable,  Evershed's  observations  of 
V  — Sky  may  also  be  correlated  with  altitude.  The  question  is 
then  one  of  interpretation;  plates  at  high  and  low  altitudes  with 
the  same  value  of  VSE,  and  at  low  altitude  with  large  and  small 
VSE,  will  eventually  furnish  a  definite  answer.  As  far  as  present 
observations  have  a  bearing  on  the  question,  they  indicate  that  the 
main  factors  producing  the  displacements  are  those  depending 
upon  the  low  altitude  of  Venus  at  the  time  of  observation.  When 
this  effect  is  eliminated,  the  remaining  residuals,  which  seem  to 
vary  with  the  relative  position  of  earth,  Venus,  and  sun,  are  more 
reasonably  correlated  with  the  varying  diameter  of  the  planet  than 
with  the  angle  VSE. 

Mount  Wilson  Observatory 
March  192 1 


BRIGHT  AND  DARK  NEBULAE  NEAR  r  ORIONIS 

PHOTOGRAPHED  WITH  THE  100-INCH 

HOOKER  TELESCOPE' 

By  JOHN  C.  DUNXAX 

ABSTRACT 

Photographs  made  with  the  loo-inch  Hooker  telescope  of  the  Mount  Wilson 
Observatory  are  reproduced  in  two  plates.  They  exhibit  the  following  features:  the 
bright  nebulae  N.G.C.  2024  and  202 j  and  I.C.  431,  432,  and  434:  the  dark  cosmic  cloud 
Barnard  33,  which  indents  or  overlies  the  nebula  I.C.  434;  the  great  disparity  in  the 
number  of  faint  stars  on  opposite  sides  of  a  line  passing  nearly  north  and  south  through 
f  Orionis;  and  a  striated  appearance  in  the  faint  nebulosity  west  of  I.C.  434. 

Evidence  is  given  of  the  e.xistence  oi  four  distinct  types  of  extended  masses  in  the 
neighborhood,  and  suggestions  made  in  explanation  of  the  aspect  of  the  region  as 
presented  by  the  photographs. 

The  region  surrounding  the  star  ^,  at  the  southeastern  end  of 
the  Belt  of  Orion,  has  been  studied  on  account  of  its  remarkable 
nebulae  by  several  observers,  the  first  of  whom  was  W.  Herschel, 
who  listed  it  as  No.  25  of  his  fifty-two  regions  that  contain  diffuse 
nebulosity.^  Six  of  its  nebulae  are  included  by  Dreyer  in  the  New 
General  Catalogue  or  the  first  Index  Catalogue.  Photographs  show- 
ing many  of  its  interesting  features  have  been  published  and 
discussed  by  W.  H.  Pickering,^  Roberts/  Wolf,^  Keeler,^  Barnard,^ 
and  Curtis.* 

During  the  past  winter  I  have  made  photographs  of  this  region 
at  the  principal  focus  of  the  100-inch  Hooker  telescope,  and  the 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  209. 

^Philosophical  Transactions,  loi,  276,  181 1. 

3  Annals  of  Harvard  College  Observatory,  32,  66,  and  Plate  III,  Fig.  3,  1895. 

*  Astro  physical  Journal,  17,  74,  and  Plate  IV',  1903;  also,  Monthly  Notices,  63, 
31,  and  Plate  i,  1903. 

^Monthly  Notices,  63,  304,  and  Plate  11,  1903. 
^Publications  of  the  Lick  Observatory,  8,  Plate  XIII,  1908. 

"!  Astro  physical  Journal,  38,  500,  and  Plate  XX,  Fig.  i,  1913;  also  Publications 
of  the  Lick  Observatory,  11,  Plate  XX,  1913. 

*  Publications  of  the  Astronomical  Society  of  the  Pacific,  30,  66,  and  Plate  IV, 
Fig.  I,  191S;    Publications  of  the  Lick  Observatory,  13,  23,  and  Plate  II,  Fig.  5,  1918. 
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f  Okioxis  axd  the  Nebulae  ox  the  East  axd  North 
Scale:  I  mm  =  12 "8  (o.Si  that  of  original  negative) 
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great  focal  length,  light-gathering  power,  and  resolving  power  of 
this  instrument  have  brought  out  certain  remarkable  features 
with  great  distinctness.  Two  of  these  photographs  are  repro- 
duced in  Plates  XI  and  XII.  The  original  negatives  are  8X10 
inches  in  size,  but  in  making  the  reproductions  only  the  central 
parts  were  used  and  these  were  reduced  in  scale.  The  excellence 
of  the  reproductions  is  due  largely  to  the  skill  of  JMr.  EUerman, 
who  increased  the  intensity  of  the  images  of  faint  nebulosities  by 
successive  copying  on  slow  plates. 

PLATE  XL— Center  of  plate  (1920.0).  a=5^37"^o,  5=  - 2^31'. 
1920,  November  13.  Exposure  three  hours.  Seeing  good,  but 
figure  of  mirror  somewhat  imperfect.     Seed  23  plate. 

The  bright  star  ^  Orionis  is  just  off  the  north  side  of  the  plate, 
and  a  bright  ray,  produced  by  diffraction  of  its  light  by  one  of  the 
steel  supports  of  the  secondary  mirror,  extends  from  it  toward  the 
south  and  east.  The  brightest  star  shown  is  D.M.  —  2°i337,  19  mm 
from  the  bottom  of  the  plate  and  42  mm  from  the  right  side.  Its 
visual  magnitude,  as  given  by  the  Durchmusterung,  is  7.5. 

Almost  vertically  through  the  middle  of  the  plate  lies  the  nebula 
I.e.  434,  which  was  discovered  photographically  at  the  Harvard 
Observatory  in  1887.'  It  here  appears  as  the  bright  fringe  of  a 
dift'use  nebulosity  that  fills  the  western  half  of  the  field.  This 
diffuse  nebulosity  is  remarkably  striated,  the  striae  lying  in  a 
direction  approximately  east  and  west.  The  fringe  has  numerous 
branches  and  irregularities  and  is  suggestive  of  the  edge  of  a 
relatively  thin  sheet  that  is  crumpled  and  turned  edgewise  to  the 
observer.  Earlier  observers  have  noted  the  scarcity  of  faint  stars 
east  of  the  nebulous  fringe  as  contrasted  with  their  great  abundance 
on  the  west.  The  effectiveness  of  the  Hooker  telescope  in  photo- 
graphing faint  stars  makes  this  contrast  very  conspicuous. 

In  the  northeastern  corner  of  the  field  is  ihe  nebula  N.G.C.  2023, 
which  surrounds  a  star  of  magnitude  8.5,  not  shown  on  the  plate 
because  of  overexposure  of  the  nebula.  It  is  terminated  rather 
abruptly  on  the  west  side,  and  shows  a  clearly  defined  dark  mark- 
ing on  the  east.  The  existence  of  spiral  rays,  noted  by  the  Harvard 
observers,^  is  not  here  confirmed. 

^Annals  of  Harvard  College  Observatory,  18,  115,  1890.         ■"  Ihid.,  116,  1890. 
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By  far  the  most  interesting  object  shown  on  the  plate  is  the 
dark  cloud  near  the  center,  which  forms  a  bay  in  the  bright  nebula 
and  which  has  attracted  attention  since  the  earliest  photographic 
observations  of  the  region.  It  is  listed  by  Barnard  as  No.  t,t,  of 
his  dark  markings  of  the  sky.^  On  the  present  plate,  faint  lights 
appear  within  the  cloud,  and  a  notable  silver  lining  is  shown  along 
its  western  edge.  On  the  original  negative  the  eastern  boundary 
can  be  traced  on  the  faint  background  of  the  sky,  and  is  seen  to 
extend  north  and  east  nearly  to  N.G.C.  2023.  An  aid  to  tracing 
its  position  is  found  in  the  diffracted  ray  from  ^  Orionis,  which 
seems  to  have  been  too  faint  to  aft'ect  the  plate  peiceptibly  by  its 
own  light  but  is  plainly  visible  where  the  plate  has  been  brought 
to  its  threshold  by  the  nebulous  background,  so  that  the  ray  is 
interrupted  where  it  crosses  the  dark  cloud.  A  second  and  much 
smaller  and  paler  dark  bay  lies  about  15'  north  of  Barnard  2,3, 
near  the  8.5  magnitude  star  D.M.  —  2°i343,  and  a  third  about  6' 
still  farther  north. 

PLATE  XII— Center  of  plate  (1920.0),  a=  5^37"^3. 5=  - 1°53'. 
1920,  December  8.  Exposure,  5  hours,  35  minutes.  Sky  some- 
what hazy.    Seed  30  plate. 

^  Orionis  is  near  the  west  side  of  the  plate,  where  irradiation 
has  spread  its  light  into  a  great  blot.  The  star  may  be  located 
accurately  at  the  intersection  of  the  rays  produced  by  the  mirror 
supports.  At  the  extreme  northwest  corner  of  the  plate  is  the 
nebula  I.C.  431,  and  10'  east  of  this  is  I.C.  432.  These  nebulae 
surround  the  stars  D.M.  —  i°iooi  and  —  i°ioo5  respectively,  stars 
of  about  8 . 5  visual  magnitude.  A  few  of  the  stars  that  lie  near  the 
north  edge  of  Plate  XI  appear  also  near  the  south  edge  of  Plate  XII. 
The  continuation  of  the  nebula  I.C.  434  toward  i*  may  be  seen  on 
Plate  XII,  which  shows  also  that  the  disparity  in  the  number  of  faint 
stars  on  the  east  and  west  sides  of  the  nebulous  fringe  continues 
some  distance  north  of  ^,  where  the  line  of  diN-ision  seems  to  turn 
somewhat  toward  the  west. 

The  greater  part  of  Plate  XII  is  occupied  by  the  remarkable 
nebula  N.G.C.  2024,  discovered  in  1786  by  W.  Herschel,  who 
described  it^  as  a  "remarkable  nebulosity,  divided  in  3  or  4  large 

'  Asirophysical  Journal,  49,  14,  1919. 

'  Philosophical  Transaclions,  79,  248,  1789. 
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patches  including  a  dark  space."  The  brightest  ^.arts  cover  a 
space  some  25'  in  diameter,  and  there  are  faint  extensions,  one  of 
which  reaches  as  far  as  I.C.  432  on  the  northwest.  Both  this 
nebulosity  and  that  of  I.C.  434  can  be  traced  on  the  original  plate 
to  within  5'  of  ^  Orionis,  where  they  are  concealed  in  the  glare 
about  the  bright  star.  The  irregularities  of  the  bright  and  dark 
markings  of  N.G.C.  2024  are  such  as  to  defy  description,  which 
fortunately  is  unnecessary,  as  they  are  well  shown  in  the  illustra- 
tions. The  character  of  this  nebulosity  appears  to  be  different  from 
either  that  of  I.C.  434  or  that  of  the  neighboring  nebulous  stars. 

A  study  of  the  photographs  of  this  region  tends  to  the  conviction 
that  we  have  here  to  do  with  extended  masses  of  not  less  than 
four  distinct  types:  (i)  the  ropy,  branching  nebulosity  of  I.C.  434; 
(2)  the  nebulosity  of  N.G.C.  2024;  (3)  the  nebulous  stars  N.G.C. 
2023  and  I.C.  431,  432,  and  435;'  (4)  dark  nebulosities,  best 
exemplified  by  the  cloud  Barnard  t,7,. 

The  phenomena  shown  suggest  the  following  speculations: 
Perhaps  the  fringe  of  I.C.  434  represents  the  common  boundary  of 
a  dense,  dark  mass  on  the  east  and  a  body  of  thin,  luminous  nebu- 
losity on  the  west.  These  two  masses  may  have  a  relative  motion 
toward  each  other,  which  results  in  a  concentration  of  the  bright 
nebulosity  along  the  line  of  contact,  this  concentrated  nebulosity 
being  the  fringe.  The  faint  nebulosity  west  of  the  fringe  must  be 
sufficiently  transparent  to  transmit  the  light  of  the  starry  back- 
ground, while  the  dark  material  on  the  east  obscures  all  the  stars 
behind  it.  The  bright  nebula  N.G.C.  2024  seems  to  be  of  the 
nature  of  a  bright  outcropping  of  the  dark  nebula,  which  indeed  is 
probably  nowhere  absolutely  non-luminous  unless  it  be  so  in  the 
darkest  part  of  Barnard  ^t,.  Perhaps  the  four  stars  that  show 
nebulous  burs — D.M.  —  i°iooi,  —  i°ioo5,  —  2°i345,and  —  2°i35o — 
are  imbedded  in  the  dark  nebula  and  illuminate  that  part  of  it 
which  lies  immediately  around  them,  the  nebulosities  of  the  third 
type  being  due  in  part  to  this  cause  and  in  part  to  the  same  cause 
as  those  of  the  second  type.  We  may  suppose  the  non-nebulous 
stars  that  appear  east  of  I.C.  434  to  he  between  the  observer  and 
the  dark  nebula. 

'  The  nebula  I.C.  435  is  some  20'  east  of  N.G.C.  2023  and  is  not  shown  in  the 
illustrations.     It  surrounds  the  8.5  magnitude  star  D.M.  —  2°i35o. 
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Mr.  E.  P.  Hubble  has  kindly  loaned  me  a  plate  made  by  him 
with  the  Hooker  telescope  1920,  November  18,  which  shows  the 
region  immediately  north  of  f  Orionis.  The  line  of  cleavage 
between  the  regions  of  few  and  of  many  stars  is  clearly  marked  on 
this  plate,  and  passes  in  a  zigzag  fashion  northwest  of  f  nearly  to 
I.e.  431,  where  it  bends  toward  the  west  and  returns,  forming  a 
bay  about  15' deep,  and  then  passes  northeastward  to  a  point  near 
the  sixth-magnitude  star  —  i°ioo4,  about  1°  north  of  f  and  near 
the  north  edge  of  the  plate.  There  is  on  this  plate  no  hint  of  a 
nebulosity  similar  to  I.C.  434,  and  the  line  of  cleavage  has  not  here 
the  regularity  that  is  noticeable  in  that  part  of  it  lying  south  of  f . 
Long-exposure  photographs  of  the  Orion  region  made  with  the 
lo-inch  Cooke  refractor  of  this  observatory  by  Mr.  Hubble  and 
Mr.  Pettit  indicate  that  the  obscuring  mass  east  of  f  Orionis  is 
only  a  part  of  a  much  larger  region  that  extends  several  degrees 
toward  the  northeast,  enveloping  the  bright  nebula  Messier  78, 
and  also,  though  less  plainly,  some  distance  toward  the  south. 
The  general  outlines  of  this  dark  region  can  be  traced  on  the 
Franklin-Adams  chart. 

Mount  Wilson  Observatory 
IMarch  192 1 
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SHERBURNE  WESLEY  BURNHAM,  1838-1921 

By  EDWIN  B.  FROST 

Sherburne  Wesley  Burnham,  senior  astronomer  at  the  Yerkes 
Observatory  from  its  opening  in  1897  until  his  retirement  in  1914, 
died  at  his  home  in  Chicago  on  March  11,  1 921,  at  the  age  of  eighty- 
two  years. 

He  leaves  an  imperishable  memory  in  the  history  of  stellar 
astronomy,  for  the  great  number  of  new  double  stars  which  he 
discovered,  for  the  vast  quantity  of  precise  measurements  of  such 
objects  which  he  made,  and  for  his  monumental  work  of  critical 
compilation.  His  s>Tnbol  /3  is  recognized  throughout  the  astronomi- 
cal world  as  the  synonym  of  scientific  precision  and  of  remarkable 
visual  discrimination. 

Mr.  Burnham  was  a  "self-made  man."  This  term  is  somewhat 
overworked,  perhaps  particularly  on  the  Continent  of  Europe, 
where  it  is  supposed  to  be  rather  typical  of  successful  Americans. 
It  expresses  the  fact  that  he  did  not  have  the  advantage  of  any 
studies  at  a  college  or  university  in  mathematics  or  astronomy,  nor 
did  he  have,  during  the  years  when  he  was  acquiring  his  knowledge 
in  this  department,  much  direct  contact  with  professional  astrono- 
mers, from  whom  he  could  obtain  advice.  He  had  to  go  to  such 
books  as  he  could  find  in  the  libraries  in  Chicago  and  by  his  own 
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efforts  acquaint  himself  with  the  methods  of  observing  and  the 
literature  of  astronomy  in  the  field  which  he  pursued. 

After  some  study  at  the  academy  in  the  town  of  his  birth, 
Thetford,  Vermont,  in  the  hill  country  of  New  England,  he  prac- 
ticed shorthand  by  himself,  and  in  1858  went  to  New  York,  where 
he  found  employment  in  business.  Later,  during  the  Civil  War, 
he  was  in  New  Orleans  with  the  Union  troops,  serving  as  an  official 
reporter  for  the  military  government,  and  subsequently  he  was 
similarly  employed  at  several  Constitutional  Conventions  in  the 
southern  states.  After  the  war  he  came  to  Chicago  and  continued 
as  official  court  reporter  for  more  than  twenty  years.  This  labor 
of  recording  the  verbal  testimony  before  the  United  States  courts 
and  then  writing  it  out  in  longhand  was  indeed  arduous,  and  involved 
no  small  strain  upon  his  eyes;  but  for  a  score  of  years  he  observed 
at  night  as  assiduously  as  if  he  had  no  engagements  for  the  day. 

His  interest  in  astronomy  had  been  awakened  by  the  possession 
of  two  small  telescopes  in  succession,  and  he  ordered  from  the  Clarks 
in  1869  a  6-inch  refractor,  with  the  stipulation  that  it  should  be  as 
good  as  they  could  make.  After  this  telescope  was  delivered  in 
1870,  his  attention  was  directed  to  double  stars  and  it  appeared 
that  he  had  a  most  extraordinary  keenness  of  vision,  particularly 
in  this  discrimination  as  to  the  character  of  a  stellar  image.  The 
objective  was  a  fine  one,  perhaps  a  prototype  for  the  subsequent 
masterpieces  of  optical  skill  made  by  the  Clarks. 

In  1873  and  1874,  the  Royal  Astronomical  Society  published 
in  the  Monthly  Notices  five  lists  of  new  double  stars  by 
Mr.  Burnham.  He  had  obtained  great  assistance  from  Webb's 
Celestial  Objects  for  Common  Telescopes  and  had  entered  into 
correspondence  with  Mr.  Webb,  whose  encouragement  was  of  much 
value  to  him  and  led  to  his  connection  with  the  Royal  Astronomical 
Society,  of  which  he  became  a  member  in  1874.  With  the  6-inch 
telescope  he  discovered  451  new  double  stars,  many  of  which  were 
so  close  as  to  give  difficulty  to  other  observers  having  much  larger 
instruments.  The  forty-fourth  volume  of  the  Memoirs  of  the 
Royal  Astronomical  Society,  published  in  1879,  contained  the  meas- 
ures of  250  new  doubles,  with  micrometric  observations  of  250  other 
pairs.     For  about  six  years  of  the  period  between  1877  and  1884, 
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Mr.  Burnham  had  the  opportunity  to  use  the  fine  18^-inch  refractor 
of  the  Dearborn  Observatory,  then  located  in  the  city  at  the  former 
Chicago  University;  and  for  part  of  the  time  he  held,  at  least 
nominally,  the  oihce  of  director  of  that  observatory.  During  part 
of  the  year  1881  he  was  associated  with  the  then  new  Washburn 
Observatory  of  the  University  of  Wisconsin  at  Madison,  of  which 
Professor  E.  S.  Holden  was  the  director.  There  he  observed  both 
with  the  15^-inch  telescope  and  his  6-inch,  the  latter  being  pur- 
chased by  the  University  of  Wisconsin  as  a  part  of  its  equipment. 

When  the  Lick  Observatory  was  opened  in  1888,  the  position 
of  astronomer  was  offered  to  him  and  was  promptly  accepted,  al- 
though no  doubt  at  a  very  considerable  pecuniary  sacrifice,  especially 
for  a  man  with  a  family  of  six  children.  The  Lick  Observatory 
was  not  unfamiliar  to  him,  as  he  had  been  there  twice  before,  on 
commissions  from  the  Lick  Trustees:  once  for  two  months  in  1879, 
to  test  (with  his  6-inch  refractor)  the  conditions  of  observing  on 
Mount  Hamilton,  which  had  been  chosen  as  the  site  for  the  new  ob- 
servatory; and  in  1 88 1,  to  observe  the  Transit  of  Mercury,  for  which 
he  was  able  to  use  the  12-inch  telescope,  then  already  mounted. 
He  carried  out  a  fruitful  program  of  observations  of  double 
stars  at  the  Lick  Observatory,  with  the  use  of  the  36-inch  and 
12-inch  refractors  for  four  years.  This  was  only  interrupted  by  an 
expedition  to  Cayenne,  to  observe  the  eclipse  of  December  21,  1889. 
Internal  conditions  had  developed  at  the  observatory  which  were 
not  agreeable  to  Mr.  Burnham  and  he  resigned  his  position  in  June, 
1892,  and  returned  to  Chicago,  where  he  was  offered  the  office  of 
clerk  of  the  United  States  Circuit  Court.  His  duties  in  this  position 
were  highly  responsible,  but  perhaps  less  exacting  than  they  had 
been  previously  when  he  was  court  reporter.  He  discharged  these 
duties  with  great  accuracy  and  ability,  and  his  services  were  highly 
appreciated  by  the  judges  and  other  officers  of  the  federal  court, 
and  by  a  wide  circle  of  men  in  the  legal  profession.  He,  in  turn, 
had  great  respect,  amounting  in  some  cases  to  veneration,  for  many 
of  the  distinguished  jurists  presiding  in  the  courts  in  which  he  served 
during  his  terms  of  office  in  both  capacities.  From  1897  to  1902, 
he  also  acted  as  receiver  for  the  Chicago  &  Northern  Pacific 
Railroad. 
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For  a  period  of  live  years,  beginning  in  1892,  ]Mr.  Burnham  was 
not  directly  connected  with  an  observatory  and  his  use  of  a  telescope 
was  limited  to  occasional  visits  to  the  Dearborn  Observatory,  then 
at  Evanston  under  the  directorship  of  Hough.  Burnham's  interest 
in  double  stars  was  not  in  the  least  diminished,  however,  and  he 
published  a  dozen  papers  in  the  Montlily  Xotices,  chiefly  on  the 
orbits  of  stars  which  he  had  previously  observed.  He  was,  also 
occupied  with  his  manuscript  catalogue  of  all  double  stars,  which 
he  had  begun  many  years  before. 

In  1892  the  University  of  Chicago  received  from  IMr.  Yerkes 
the  promise  that  he  would  present  to  it  a  well-equipped  observatory, 
and  the  disks  for  the  40-inch  refractor  were  purchased  by  him. 
There  were  delays  in  completing  the  plans  for  the  observatory, 
however,  so  that  the  building  could  not  be  begun  until  1895;  but 
meanwhile  Mr.  Burnham  was  appointed  astronomer,  with  the  title 
of  Professor  of  Practical  Astronomy,  in  the  University  of  Chicago. 
His  actual  work  was  not  begun,  however,  until  after  the  formal 
opening  of  the  observatory,  in  October,  1897,  when  he  was  assigned 
two  nights  a  week  with  the  great  telescope.  He  commonly  came 
to  the  observatory  on  the  afternoon  of  Saturday  and  observed 
through  that  night  and  through  Sunday  night,  taking  what  rest  he 
could  in  his  office  during  the  intervening  day;  but  he  was  oft*  for 
his  duties  at  the  court  on  the  early  train  on  Monday  morning, 
carn^dng  with  him  his  records  of  observations,  which  were  kept  in 
a  most  systematic  manner  and  were  promptly  reduced.  His  observ- 
ing program  was  selected  with  great  care  and  his  methods  were  such 
that  he  worked  very  efficiently  and  rapidly.  He  greatly  preferred 
to  observe  toward  the  east  and  rarely  reversed  the  telescope  to 
follow  a  star  which  had  gotten  away  from  him  to  the  west.  Under 
exceptional  circumstances  he  measured  as  many  as  100  pairs  in  a 
single  night  with  the  forty-inch  telescope  I  He  seldom  allowed 
himself  to  be  distracted  by  other  astronomical  objects,  however 
interesting,  but  he  occasionally  measured  nebulae  which  came 
within  the  field.  He  made  no  search  for  new  double  stars  after  he 
began  work  with  the  40-inch  telescope,  rightly  judging  that  it  was 
more  important  to  follow  up  the  difficult  pairs  which  were  beyond 
the  reach  of  many  telescopes,  but  which  were  of  the  greatest  interest 
because  of  the  rapid  motion  often  revealed.     He  soon  collected  his 
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own  measures  anfl  those  of  some  other  observers  of  1290  double  stars 
which  he  had  discovered  between  1871  and  1899,  and  these  were 
published  in  1900,  as  \'olume  I  of  the  Publications  of  the  Yerkes 
Observatory . 

In  1902  he  resigned  his  position  as  clerk  of  the  court,  despite 
the  fact  that  he  could  have  availed  himself  of  its  life-tenure.  This 
gave  him  all  of  his  time  for  astronomical  work,  which  had  never 
been  the  case  before  except  for  the  four  years  when  he  was  at  the 
Lick  Observatory  and  for  the  six  months  at  the  Washburn  Observa- 
tory. He  did  not  move  out  to  Williams  Bay,  however,  preferring 
to  maintain  the  family  home  in  Chicago,  where  it  had  been  so  long 
established. 

With  this  additional  freedom  he  thus  had  further  opportunity 
for  completing  his  great  General  Catalogue  of  Double  Stars  within 
121°  of  the  North  Pole,  which  was  now  in  its  third  edition  as  a 
manuscript.  Attempts  had  been  made  for  some  years  to  find  means 
for  publishing  this,  but  it  was  not  until  1906  that  this  could  be  done. 
The  recently  endowed  Carnegie  Institution  of  Washington  under- 
took in  1905  the  publication  of  the  work,,  and  the  printing  was 
begun  at  the  University  of  Chicago  Press,  where  Mr.  Burnham 
personally  supervised  the  composition.  The  preparation  of  this 
comprehensive  work  constantly  brought  to  light  objects  requiring 
new  observations  before  their  inclusion  in  the  catalogue;  thus  most 
of  his  observations  at  the  40-inch  telescope,  from  1900  to  1906,  nearly 
10,000  in  number,  found  their  original  publication  in  this  catalogue. 
The  first  of  these  two  stately  quarto  volumes  summarizes  the  sta- 
tistical information  as  to  13,665  double  stars,  in  275  pages;  the 
second  gives  in  1086  pages  the  detailed  information  as  to  all  the 
important  observations  of  these  pair^,  with  diagrams  of  the  orbits 
of  many  of  them.  Aside  from  its  large  amount  of  original  data 
this  is  not  a  mere  compilation,  for  Professor  Burnham's  experienced 
discrimination  is  seen  throughout  the  work ;  while  he  gave  references 
to  the  complete  literature  for  every  pair,  he  published  in  detail  only 
the  data  of  observers  whose  w^ork  was  of  a  high  standard  of 
excellence. 

Although  Mr.  Burnham  never  did  any  actual  teaching  and,  so 
far  as  we  know,  never  gave  a  public  lecture,  nevertheless  by  his  fine 
example  of  persistent  devotion  to  his  special  line  of  research,  and 
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by  his  untiring  work  of  observation,  even  at  an  age  when  most  men 
would  have  availed  themselves  of  the  privilege  of  retiring,  he  led 
the  way  in  America  in  the  field  of  double  stars  and  has  been  followed 
by  a  worthy  band,  who  gladly  recognized  him  as  master.  For 
many  years  Mr.  Burnham  gave  freely  his  valuable  counsel  to  many 
younger  observers  in  making  up  their  programs  for  observations  of 
double  stars. 

After  the  publication  of  the  great  catalogue,  ]Mr.  Burnham 
directed  his  observations  largely  to  the  micrometric  reference  of 
stars,  chiefly  from  the  General  Catalogue,  to  faint  stars  in  their 
vicinity,  with  a  view  to  determining  the  relative  proper  motion, 
because  he  fully  appreciated  the  great  superiority  of  such  observa- 
tions with  a  telescope  having  a  focal  length  of  19  meters  over  those 
made  with  meridian  circles.  His  results,  which  included  nearly 
10,000  measures,  were  published  in  1913  in  a  quarto  volume  of  311 
pages  by  the  Carnegie  Institution  of  Washington,  with  the  title 
Measures  of  Proper  Motion  Stars  Made  with  the  40-Inch  Refractor 
of  the  Yerkcs  Observatory  in  the  Years  igoy-igiz.  These  measures 
lay  the  foundation  for.  a  very  much  better  knowledge  of  relative 
proper  motions  of  these  stars  as  they  may  be  remeasured  in  future 
years.  Such  observations  of  stars  did  not  require  the  high  stand- 
ard of  "seeing"  necessary  for  close  double  stars  with  a  big 
instrument,  and  there  is  also  a  possibility  that  there  was  some 
slight  falling  ofl[  in  the  keenness  of  jS's  vision  after  he  was  seventy 
years  of  age. 

Physically  Mr.  Burnham  was  slight  and  of  moderate  stature, 
but  all  his  muscles  were  at  his  command.  The  co-ordination  of 
his  hand  and  eye  had  always  been  notable.  Thus  he  was  an  expert 
shot  with  the  rifle,  unusually  ^ood  at  bowling,  and  generally  a  man 
who  mastered  whatever  he  undertook.  His  endurance  was  excep- 
tional, whether  it  was  shown  in  climbing  about  the  canons  near  the 
Lick  Observatory,  or  in  long  rides  on  his  bicycle,  or  in  carrying  on 
his  work  at  the  great  telescope  during  thirteen  or  even  fourteen 
hours  of  a  cold  winter's  night.  He  was  abstemious  in  his  habits 
and  took  very  little  food  during  his  visits  to  the  Observatory,  but 
he  had  constant  comfort  from  his  cigar.  The  photograph  which 
accompanies  this  sketch  is  taken  from  a  snap-shot  made  while  he 
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was  at  his  ease  near  the  observatory,  when  he  was  about  seventy 
years  of  age. 

He  was  an  expert  with  the  camera  and  had  won  the  prizes  at 
exhibits  in  the  earlier  days,  but  there  are  very  few  portraits  of 
himself  available. 

He  knew  nothing  of  bodily  weakness  until  early  in  the  year 
1913,  when  he  suffered  from  what  may  have  been  a  form  of  influ- 
enza. He  said  that  it  was  the  first  time  in  his  life  that  he  had  been 
sick  and  that  he  was  ''all  played  out."  He  was  then  seventy-five 
years  old.  He  never  again  fully  recovered  his  strength,  so  that  his 
visits  to  the  observatory  thereafter  were  fewer  and  his  last  observ' a- 
tions  with  the  4c5-inch  telescope  were  made  on  May  13, 1914.  During 
that  summer  he  retired,  on  a  pension,  in  accordance  with  the 
statutes  of  the  University  of  Chicago.  He  was  still  given  the  oppor- 
tunity to  use  the  telescope,  but  did  not  avail  himself  of  it,  and  after 
191 7  he  did  not  often  leave  his  home.  Toward  the  end  of  February, 
192 1,  his  hip  was  broken  from  a  fall,  and  from  this,  in  his  enfeebled 
condition,  recovery  was  impossible.  His  death  occurred  a  fortnight 
later. 

In  1868  ]Mr.  Burnham  was  married  to  Mary  Cleland,  who 
survives  him  with  their  three  sons  and  three  daughters,  together 
with  eight  grandchildren. 

A  complete  bibliography  of  Mr.  Burnham's  writings  need  not 
be  given  here.  Summaries  of  his  observations  have  been  published 
in  more  than  one  place :  thus  Volume  II  of  the  Publications  of  the 
Lick  Observatory  (1894)  gives  the  place  of  publication  of  his  nineteen 
catalogues  of  new  double  stars,  which  had  been  printed  chiefly  in 
the  Monthly  Notices  of  the  Royal  Astronomical  Society  or  in  the 
Astronomische  Nachrichten;  it  contains  the  complete  details  of  the 
obser\-ations  of  the  last  six  catalogues,  covering  stars  /3  1026  to 
/3  1 274,  which  were  discovered  and  measured  at  the  Lick  Observatory. 
That  volume  also  includes  some  measures  of  nebulae  with  the  36- 
inch  refractor.  Again,  for  convenience  of  reference,  these  original 
sources  of  publication  were  collected  in  Volume  I  of  the  Publications 
of  the  Yerkes  Observatory,  covering  the  history  of  the  1290  jS  stars. 
He  increased  his  list  of  new  double  stars  but  little  after  this;  in 
fact,  he  avoided  them,  so  that  the  total  number  of  jS  stars  is  1340. 
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Six  extensive  lists  of  measures  were  published  in  the  Astronomische 
Nachrichten  between  1907  and  191 1.  Many  of  these  are  also 
contained  in  the  volume  on  proper  motion  stars.  At  Mr. 
Burnham's  request  a  final  collection  of  measures  was  extracted 
from  his  notebooks  by  Professor  Philip  Fox  and  published  in  the 
Astronomical  Journal  in  19 18. 

After  the  publication  of  the  General  Catalogue,  Mr.  Burnham 
still  maintained  his  manuscript  edition,  keeping  it  up  to  date  so  as 
to  include  the  great  numbers  of  new  double  stars  discovered  by 
Professor  Hussey  and  by  Professor  Aitken  in  their  systematic 
searches  for  such  objects.  When  his  health  began  to  fail,  Mr. 
Burnham  passed  this  valuable  MS  catalogue  on  to  Professor  Eric 
Doolittle,  who  was  carrying  it  forward  at  the  time  of  his  premature 
and  lamented  death  in  1920.  In  accordance  with  a  prior  arrange- 
ment, it  then  went  to  Professor  Aitken,  under  whose  careful 
supervision  it  will  be  maintained  and  a  new  extension  published. 

Professor  Burnham  received  the  Gold  Medal  of  the  Royal 
Astronomical  Society  in  1894,  and  the  Lalande  Prize  of  the  French 
Academy  of  Sciences  was  awarded  to  him  in  1904.  Yale  College 
gave  him  the  honorary  degree  of  A.M.-  in  1878,  and  in  191 5  he 
received  the  honorary  degree  of  Sc.D.  from  Northwestern 
University. 

Yerkes  Observatory 
June  1921 


THE  RELATIONSHIP  OF  ABSOLUTE  MAGNITUDE  TO 
SPACE-VELOCITY^ 

By  W.  S.  ADAMS,  G.  STROMBERG,  and  A.  H.  JOY 

ABSTRACT 

Variation  of  the  velocity  of  stars  -with  absolute  magnitude. — A  statistical  study  of  the 
radial,  tangential,  and  space-velocities  of  1350  stars,  mostly  of  types  F,  G,  K,  and  M, 
shows  a  marked  correlation  with  absolute  magnitudes.  The  results  are  given  in  the 
form  of  equations  and  tables.  The  increase  in  average  space-velocity  for  a  decrease  of 
one  magnitude  in  brightness  varies  with  the  type,  but  is  of  the  order  of  3  km/sec.  The 
greater  homogeneity  of  the  giant  stars  as  a  class  and  their  comparative  freedom  from 
large  indiv^idual  motions  are  indicated  by  the  results.  .\s  would  be  expected  for  a 
random  distribution  of  velocities  as  to  direction,  the  average  radial  velocities  are  about 
half  the  corresponding  average  space-velocities. 

Frequency  of  the  space-velocities  of  stars  cannot  be  represented  by  a  distribution 
according  to  Maxwell's  law,  for  there  is  a  large  excess  of  stars  with  high  velocities, 
but  a  type  oi  frequency  function  based  upon  the  assumption  of  a  normal  error-distribu- 
tion in  the  logarithms  of  the  velocities  is  found  to  represent  the  obser\'ations  much 
more  closely.  The  function  is  proportional  to  c—^"(log  "-log '')',  where  v  is  the  geo- 
metrical mean  space-velocity. 

In  a  communication  published  in  191 5,  Kapteyn  and  Adams^ 
showed  that  the  radial  velocities  of  a  considerable  number  of  stars 
depended  upon  proper  motion  and  mean  parallax  in  such  a  way 
as  to  indicate  that  the  brighter  stars  intrinsically  move  more  slowly 
than  the  fainter  stars.  More  extensive  investigations  by  Adams 
and  Stromberg^  in  191 7,  and  by  Stromberg  in  1918,''  based  upon 
1300  stars  of  spectral  types  F,  G,  K,  and  M,  gave  similar  results. 
For  this  purpose  the  absolute  magnitudes  derived  by  the  spectro- 
scopic method  were  used,  and  not  only  the  radial  velocities  but  also 
the  components  at  right  angles  to  the  direction  of  the  sun's  apex 
were  included  in  the  discussion.  An  average  change  in  radial 
velocity  of  about  i .  3  km  for  each  unit  of  absolute  magnitude  was 
indicated  by  these  investigations. 

The  subject  had  already  been  discussed  by  Eddington^  on  the 
basis  of  stars  with  parallaxes  determined  by  the  trigonometric 

^  Contributions  from  the  Mount  Wilson  Observatory,  No.  210. 
^  Mt.  Wilson  Communications,  No.   i;    Proceedings  of  the  National  Academy  of 
Sciences,  i,  14,  1915. 

^  Ml.  Wilson  Contr.,  No.  131;   Astrophysical  Journal,  45,  293,  1917. 
'^  Ml  Wilson  Contr.,  No.  144;  Astrophysical  Journal,  47,  7,  1918. 
^Stellar  Movements,  p.  52,  1914. 
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method,  and  some  of  the  important  consequences  of  such  a  relation- 
ship had  hjeen  pointed  out  by  Eddington,  Russell,  Halm,  and 
others.  Additional  evidence  will  therefore  be  of  especial  value  for 
investigations  dealing  with  the  motions  of  stars  in  our  Galax}' 
and  their  connection  with  spectral  type  and  mass. 

Previous  studies  of  the  subject  have  been  limited  to  components 
of  the  stellar  motions  either  in  the  line  of  sight  or  at  right  angles  to 
it.  With  the  rapid  accumulation  of  parallax  observations,  both 
trigonometric  and  spectroscopic,  and  a  similar  increase  in  determina- 
tions of  radial  velocities,  we  can  extend  the  investigation  to  the 
actual  motions  of  the  stars  in  space.  In  the  pages  which  follow 
we  shall  compute  the  space-motions  of  the  stars  in  our  list,  derive 
the  frequency-law  representing  their  distribution,  and  study  the 
relationship  of  these  mictions  to  absolute  magnitude. 

The  velocity-components  of  a  star  relative  to  the  sun  are  com- 
puted from  the  following  equations: 

k 
x=V  cos  a  cos  5  —  (na  sin  a  cos  5-|-m«  cos  a  sin  5) 

TT 

k 
y=  V  sin  a  cos  5-| — (fXa  cos  a  cos  8—1x5  sin  a  sin  5) 

TT 

z=V  sin  5+-M5  cos  8 

where  x,  y,  and  2  are  the  velocity-components  in  the  equatorial 
system,  expressed  in  kilometers  per  second,  V  is  the  radial  velocity 
relative  to  the  sun,  a  and  5  are  right  ascension  and  declination,  Ha 
and  /is  the  corresponding  proper  motions,  tt  is  the  parallax,  and  k 
is  a  constant  equal  to  4. 737  km/sec. 

If  .To,  yo,  and  Zo  are  the  velocity-components  of  the  sim  referred  to 
the  centroid  of  a  large  number  of  stars,  we  can  obtain  the  com- 
ponents Xi,  yj,  and  Zi  of  the  star  relative  to  this  centroid  from  the 
equations 

Xi=x+xo,  yi=y-\-yo,  Zi=z-\-zo. 

The  space-velocity  v  of  the  star,  corrected  for  the  sun's  motion,  is 
therefore  

v=Vxfi-\-yi-\-z'j . 
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The  parallaxes  used  in  this  investigation  are  those  obtained 
by  the  spectroscopic  method  and  published  recently/  In  a  few 
instances  where  the  parallaxes  are  large  the  trigonometric  values 
have  been  used  instead.  The  proper  motions  are  from  the  Cata- 
logiie  of  Boss  or  Cincinnati  Publications,  No.  i8,  with  the  addition 
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Fig.  I. — Curves  showing  the  relationship  of  space- velocity  to  absolute  magnitude 
for  the  various  spectral  types. 

Curve  I.  Abscissae,  average  absolute  magnitudes;  ordinates,  geometrical  means 
of  space-velocities.     The  continuous  curve  alone  is  shown. 

Curve  II.  Abscissae,  average  absolute  magnitudes;  ordinates,  average  radial 
velocities. 


of  a  few  values  determined  by  Kapteyn,  Roy,  and  others.  The 
radial  velocities  have  been  taken  from  Campbell's  list  in  Lick 
Observatory  Bulletin,  No.  229,  from  the  Mount  Wilson  Hsts  published 


Ml.  Wilson  Conlr.,  No.  199;   Astrophysical  Journal,  53,  13,  192 1. 
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in  Contributiotis,  Nos.  79  and  105,'  and  from  unpublished  Mount 
Wilson  results. 

Since  many  of  the  stars  observed  at  Mount  Wilson  were  selected 
on  the  basis  of  small  proper  motion,  it  is  evident  that  there  may 
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Fig.  2. — Frequency-curves  for  space-velocities  of  stars  of  spectral  type  K.  Upper 
curve  is  based  on  365  giant  stars,  lower  curve  on  131  dwarfs.  Abscissae  are  space- 
velocities,  ordinates  are  numbers  of  stars  expressed  in  percentages  of  the  whole 
witliin  the  limits  of  every  lo  kilometers  of  space-velocity. 

be  too  large  a  proportion  of  stars  with  velocity-components  in  a 
plane  perpendicular  to  the  line  of  sight,  which  are  nearly  equal  in 
direction  and  amount  to  the  sun's  velocity  projected  on  this  plane. 
For  this  reason  we  have  omitted  from  the  discussion  loi  stars, 


^  A  sir  ophysical  Journal,  39,  341,  1914;   42,  172,  1915. 
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this  number  being  based  on  the  distribution  of  proper  motions 
given  by  Kapteyn  in  Groningen  Publications,  No.  30. 

The  detailed  results  based  upon  the  values  derived  from  the 
individual  stars  are  given  in  Table  I.  The  s}Tnbols  in  this  table 
have  the  following  meaning: 

M=mean  absolute  magnitude 
w  =  average  space- velocity 
r= average   tangential  velocity  not  corrected   for   the 

sun's  motion.     This  is  equal  to  (    ] 

0  =  average  radial  velocity 
??= geometrical  mean  of  space  velocities 
7"= geometrical  mean  of  tangential  velocities 
^i  and  r2  =  probable  deviations  of  log  v  and  log  T  for  a  single 
star  from  the  mean  values  log  v  and  log  T. 

All  of  these  quantities  have  been  computed  from  the  individual 
values  of  v,  T,  log  v,  log  T  and  V ,  the  last  being  the  radial  velocity 
corrected  for  the  sun's  motion.  The  probable  errors  in  log  v 
and  log  T  have  been  converted  into  corresponding  errors  in  v  and  T^ 
The  values  used  for  the  solar  motion  are  those  derived  in  1917.^ 

Ao=2']o°g;     Z)o  =  +  29?2;     Fo  =  2 1 . 48  km/sec. 

The  use  of  the  values  ^0  =  270°,  Do=+^o°,  Fo=2o.okm  would 
in  general  affect  v  and  v  by  less  than  o.  i  km. 

The  values  for  the  A-t)^e  stars  in  Table  I  are  based  almost 
wholly  upon  stars  of  types  A7  to  A9,  and  the  uncertainty  in  the 
determination  of  the  absolute  magnitudes  may  be  larger  than  for 
stars  of  the  succeeding  t^-pes.  Occasionally  stars  with  absolute 
magnitudes  falling  on  the  limit  between  two  groups  are  included 
with  half-weight  in  each  of  the  groups.  Thus  among  the  A-type 
spectra  a  star  of  absolute  magnitude  -|- 1 . 5  is  accountable  for 
the  fractional  values  appearing  in  the  column  giving  the  number  of 
stars. 

The  use  of  the  geometrical  mean  in  this  investigation  has  been 
found  desirable  for  two  reasons.  In  the  first  place  it  is  influenced 
much  less  than  the  arithmetical  mean  by  the  inclusion  of  stars  of 

^  Mt.  Wilson  Conlr.,  No.  144;  Aslrophysical  Journal,  47,  7,  1918. 
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TABLE  I 
Absolute  Magnitude  and  Space-Motion 


No. 

M 

V 

T 

e 

V 

T 

ri 

fa 

M 

Type  A  (A7  to  Ag) 

km 

km 

km 

km 

km 

— o.  I  to  -t-i.s. .. . 

"5 

+  1.0 

34.2 

23.2 

193 

32. 2±    2.4 

ig. 4=1=2. 6 

=to.io8 

=fc0.20I 

+  I.StO  +2.S 

14. S 

i.g 

36.6 

31.8 

ig.6 

32. 9±   2.6 

24-7=^3-6 

0.129 

0-244 

Type  F  (Fo  to  Fg)* 

-3.5to  -1.5... 

9 

-2.3 

16.5 

20.3 

95 

12. 3±   2.6 

IS.2=fc 

3-0 

±0.271 

±0.258 

—  1. 5  to  +0.5.  ... 

21 

-0.6 

43.7 

44 

6 

II. 7 

23 -7 

ig.8 

20t 

-0.7 

32.2 

3i 

7 

9.8 

20. 9±   3.7 

17.4=^ 

3-9 

"o;338' 

0.427 

4-0. 5  to  +2.S 

54. S 

+i.g 

28. 1 

26 

9 

14.6 

22.8=t   1.4 

18. 5* 

1-7 

0.  ig8 

0.286 

2.sto     3S.... 

S°     . 

30 

52.4 

49 

I 

22.3 

34-1=^   1-7 

30. 3± 

1.8 

0. 198 

0.241 

85. St 

30 

34.5 

33 

4 

13-4 

30. i±   I.I 

26. 8± 

1.4 

0.150 

0.20S 

3.5to      4S-.-- 

rog 

3-9 

77.4 

73 

3 

2g.o 

51-5=^   2-8 

47.6.=i= 

2.6 

0.246 

0.246 

99St 

3-9 

54.  S 

SI 

9 

22. s 

43 -6 ±   2.1 

40.3=^ 

2.0 

0.208 

0.2II 

4Sto      S-7---- 

8.S 

S-O 

143-5 

I2S 

4 

74-4 

76.g±2o.6 

67.i=t 

17.8 

0-336 

0.331 

6. St 

50 

54.0 

47.4 

3I.O 

45.5=^10.4 

39-7=^ 

9.6 

0-249 

0.266 

Type  G  (Go  to  Gg) 

-4.5tO  -1.5.... 

22 

-2.9 

30.1 

27.0 

13-7 

21. 7±  2.g 

i7-9± 

2.5 

=to.27l 

±0.288 

20 

-2.9 

25 

6 

21.7 

14.0 

ig.2±  2.S 

15-4=^ 

2.0 

0-255 

0.263 

—  i.Sto  —0.5 

25-5 

—  I.O 

27 

8 

25. 9 

II. 0 

22.7=*=  I.g 

19.4=^ 

2.0 

0.187 

0.222 

— o.s  to  +O.S 

62. s 

+0.1 

35 

7 

32.2 

IS. 5 

27. 2±    I.S 

22.4=t 

IS 

0-193 

0-233 

+o.sto  +1.5 

72. S 

o.g 

37 

8 

31.8 

21.0 

30. 2±    I.S 

23.6=t 

I.S 

0.186 

0.230 

1 . 5  to      2.5 

3S.S 

1.9 

35 

9 

29.0 

19.8 

2g.6±  2.0 

22.7=fc 

1.8 

0.181 

0.210 

2.sto      3.S 

18 

3-0 

45 

4 

39.0 

29.4 

38.8*  3.2 

33-2=t 

3.4 

0-154 

0.189 

3.5to      4S.... 

42. S 

4-2 

59 

7 

57.2 

25.6 

4g.4±  3-4 

47.6=fc 

3-2 

0.198 

0.189 

45  to      5-S--.. 

73  S 

5-0 

S8 

7 

58.2 

23.1 

Si.g=t  2.4 

48.6=*= 

2-S 

0.168 

0.187 

5.5  to      6.6. .. . 

SI 

S.8 

88 

3 

88.0 

34-0 

61. 9±  3.4 

63-4± 

3-4 

0.174 

0.166 

So§ 

S.8 

70 

3 

70.7 

28.7 

S8.6=t  3.0 

60.0=*= 

2.9 

0.157 

0.148 

Type  K  (Ko  to  Kg) 

— 4.oto      0.0 

14 

-0.8 

44.4 

42.2 

II. 9 

26. 6±   5.S 

2I.8=t 

5-0 

=^0.333 

±0.372 

12 

—  1 .0 

28.0 

23.6 

9-9 

20. o±  3.2 

i5-7=t 

3-2 

0.276 

0.312 

o.oto  +0.5. . . . 

74. S 

+0.3 

29.4 

22.8 

14.6 

24. 4 ±   1.2 

I4.8=t 

I .  I 

0.1S2 

o.28g 

+o.Sto  +I.S 

186.5 

0.9 

36. 5 

28.6 

19-5 

29.6=t   1.0 

20.4=1= 

0.8 

0.190 

0.248 

I.Sto      2.5. ... 

47 

1.9 

34.6 

24.6 

21. 1 

29.4=t    1.7 

17.0=*= 

i-S 

0.173 

0.269 

2.5to      3.5...- 

ii-S 

3.0 

48.8 

37-6 

29.8 

45-9=^  3-6 

29.4=t 

4-6 

0.116 

0.231 

3.5to      S-5-... 

12. 5 

4-4 

62.6 

53  5 

25.8 

57-2=t  4.6 

32-7± 

S-i 

O.I2S 

0.242 

S.Sto      6.5.... 

67. S 

6.1 

67.3 

70.4 

24-3 

SO-9=t   2.S 

59-8=*= 

2.8 

0.177 

0.162 

6.5to      7.S.... 

36 

6.9 

59-3 

S&.4 

29-3 

53-5*   2.8 

52.8=t 

2.2 

0.136 

o.ios 

7.5to      8.5... . 

12.5 

8.1 

58.7 

54.8 

33-7 

54. 2±   S.o 

S0.9± 

4-3 

0.143 

0.130 

S.Sto      9.7.... 

8 

8.8 

47-3 

41.0 

26. 5 

40.6="=  6.7 

36. 2± 

5-4 

0.2Q2 

0.182 

Type  M  (Ma  to  Md) 

-3.8to  -2.7.... 

2 

-3.2 

16.4 

II. 2 

5-6 

i5-8±  3.4 

II.O=t 

1-7 

=1=0.131 

±o.o9S 

—  i.S  to  —o.s 

13-5 

-0.8 

36  ..4 

33.1 

17.4 

29. 6 ±   2.7 

21.4=1= 

4-8 

0.142 

0.350 

—o.s  to  +0.5 

67.5 

+0.1 

36. 5 

28.2 

20.4 

30. 2±   1.5 

i9-5± 

1-4 

0.174 

0.249 

+O.S  to  +I.S.... 

31 

0.8 

32.0 

26.3 

26.3 

27. 2±    1.8 

21.3=1= 

1.8 

0.154 

0.203 

S.Sto    10. 0 

7 

9S 

61.3 

53.9 

38.3 

58. 8±  4.7 

-49-3* 

6.2 

0-093 

0.143 

lo.oto    13.4.... 

11 

10.9 

62.3 

So.o 

37.5 

51-4=^   7-6 

4l.2=t 

5-8 

0.214 

0.203 

*Cin.  560  (Sp.  =A8,  M  =  2.i,v  =  55T,  P"  =  -|-327)  included  in  F  type. 
t  RR  Lyrae  (11  =  274,  V  =  — 49)  omitted. 

X  Stars  with  v>  180  omitted.     These  appear  to  form  a  separate  group. 
§  Cin.  2019  (d  =  986)  omitted. 
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M 

No. 

M 

V 

T 

e 

V 

T 

fi 

r. 

Cepheid  Variables 

1 

-3.4to  -2.1 

—  2.0  to— I. I.... 

7 
8 

-2.6 
-1.8 

km 
19.9 
20.5 

km 
24.6 
21.9 

km 
10. 1 
12.4 

km 
12. 2±  3.5 
17. 8±  2.4 

km 

21. 2±    3.3 

19.9=^  2.5 

±0.327 
0.166 

±0.178 
0.156 

Sum  and  means 

IS 

—2.1 

20.2 

23.2 

XI. 3 

14. 9±  2.3 

20. s±  1.9 

0.255 

0.159 

Pseudo-Cepheids 

—4.2  to  —2.8. . . . 
—2.7  to  —0.1 

14 
14 

-3.6 
—1.2 

28.2 
30.6 

24.4 
22.4 

9.8 
19.3 

21.4*  3-7 
19. o±  4.1 

15. 6±  3.2 
12.9=*=  2.5 

±0.277 
0.3S3 

±0.334 
0.308 

Sum  and  means 

28 

-2.4 

29.4 

23.4 

14.6 

20.1=t    2.7 

14. 2±    2.0 

0.309 

0.31S 

IIRRLyrae  (Af  =0.3, 11  =  274 km,  ''^'=—49)  omitted. 

exceptionally  high  velocities.  In  the  second  place,  as  will  be 
shown  later,  the  form  of  frequency-function  representing  most 
closely  the  observed  distribution  of  the  space-velocities  is  one  in 
which  the  logarithm  of  the  geometrical  mean  of  the  velocities  is 
one  of  the  fundamental  constants.  The  conversion  of  the  geo- 
metrical into  the  arithmetical  mean  may  be  made  readily  through 
multiphcation  by  a  factor  dependent  upon  the  dispersion  in  the 
logarithms  of  the  space-velocity  around  the  mean  value.  This  has 
been  found  to  be  fairly  constant  for  all  the  groups  of  stars. 

Attention  should  be  called  to  two  points  bearing  on  the  results 
of  Table  I.  The  first  is  that  of  the  effect  of  the  selection  of  the 
stars.  Reference  has  already  been  made  to  the  omission  of  a 
number  of  stars  of  small  proper  motion  in  order  to  equalize  the 
proportion  of  such  stars.  The  effect  of  the  selection  of  stars  of  large 
proper  motion  would  no  doubt  have  been  very  marked  had  all  stars 
of  the  same  spectral  type  been  included  in  one  group.  The  division 
according  to  absolute  magnitude  should,  however,  eliminate  to  a 
large  extent  the  effect  of  selection,  since  most  of  the  stars  of  large 
proper  motion  may  be  assumed  to  have  been  selected  on  account 
of  their  nearness  and  hence  their  low  intrinsic  brightness.  A 
slight  excess  of  rapidly  moving  stars  of  high  luminosity  might, 
however,  be  expected  from  a  selection  of  stars  of  large  proper 
motion,  and  this  would  tend  to  increase  slightly  the  mean  values 
of  the  giant  stars  in  Table  I. 
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A  second  point  has  to  do  with  the  stars  of  the  very  highest 
luminosity.  This  group  contains  some  stars  which  have  erroneously 
been  estimated  as  too  bright,  and  as  there  is  a  tendency  toward  an 
accumulation  of  such  errors,  the  mean  space-velocity  and  the  mean 
tangential  velocity  are  toa  large.  In  order  to  reduce  this  effect 
a  special  computation  has  been  made  for  the  very  brightest  G  and 
K  stars,  omitting  a  few  of  the  largest  space-velocities.  This  result 
is  given  in  the  second  line  of  the  G  and  K  subdix-isions  of  Table  I. 

From  the  results  of  Table  I  it  appears  that  the  values  of  Ti, 
although  somewhat  larger  for  the  brighter  stars,  do  not  show  any 
very  great  range.  Accordingly  we  may  with  sufficient  accuracy 
adopt  its  mean  value  for  all  absolute  magnitudes  and  spectral 
types.     This  value  is 

ri  =  o.i7i±o.oo33. 

As  will  be  shown  in  connection  with  the  discussion  of  the  frequency- 
law,  the  arithmetical  mean  of  the  space-velocities  v  and  the  most 
frequent  velocity  Vp  can  be  computed  from  the  geometrical  mean 
by  aid  of  the  equations 

Hence 

2;=i.i86?^,        i'p  =  o.'jiiT,v. 

The  values  of  T  and  T  have  been  computed  because  of  their 
importance  in  the  derivation  of  mean  parallaxes.     Since 


T 


=*(f). 


we  have  approximately 


Furthermore 


or 


T 


^  =  yfe^=I0°-2(^-'")-^ 
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With  the  aid  of  the  data  given  in  Table  I  we  can  now  compute 
the  general  relationship  between  absolute  magnitude  and  velocity. 
The  geometrical  means  of  the  space-velocities  and  the  tangential 
velocities  have  been  used,  since  these  can  be  obtained  with  a  higher 
degree  of  accuracy  than  the  arithmetical  means,  but  the  average 
radial  velocity  has  been  used  directly.  The  tangential  velocities 
are  not  corrected  for  the  solar  motion. 

Two  different  solutions  have  been  made.  In  the  first  solution 
we  assume  for  each  type  the  relationship 

log  v  =  a-\-bM, 

with  similar  expressions  for  log  T  and  log  6,  and  use  these  equations 
under  the  assumption  that  they  are  constant  for  each  spectral 

TABLE  II 

Equations  Connecting  Absolute  Magnitude  with  Velocity 
First  Solution:  Continuous  Variation 


Type 

log  V 

logr 

log  9 

F 

1.356+0.0553  M 

±0.032±O.OIII 

1 .  248+0.0690  iW 
=fco. 033=^0.0113 

1 .149+0.0257  M 
=fco. 044=^=0.0154 

G 

1 .415+0.0605  M 
±0.008=*=  0.002 1 

1. 313+0. 0768  M 
=1=0.016='=  0.0043 

1 .214+0.0412  M 
=fc  0.02 1  =±=0.0067 

K 

1 .428+0.0410  M 
=t  0.018=*=  0.0038 

1 .  224+0.0649  M 
=fc  0.030  =4=0.0063 

1.232+0.0338  If 
=1=0.017^0.0036 

M 

1 .456+0.0302  M 
=*=  0.013  =±=0.0026 

1 .  300+0 .  0402  M 
=to. 019=^0.0037 

1 .306+0.0282  M 
=±=0.025=^=0.0049 

all  types 

Space-Velocity  log  ?!= +  1.408+0. 0632^/— o.oo24oM» 

=±=0.  on  =±=0.0067     =±=0.00085 

Tangential  Velocity  log  r=  +  i. 256+0. 0870M — o . 00303 Af' 

=±=0.017=1=0.0098     =±=0.00124 

Average  Radial  Velocity    log  ^=  +1 .  219+0. o32ilf+o.ooo2oM' 

=±=0.01 7  ='=0.0103     =±=0.00131 

type  over  the  entire  range  of  absolute  magnitude.  In  the  second 
solution  a  discontinuity  is  assumed  for  the  K  and  M  stars  at  the 
point  of  division  between  the  giants  and  dwarfs.     The  evidence 
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afforded  by  Table  I  appears  on  the  whole  to  be  favorable  to  such  a 
discontinuity,  since  the  velocities  of  the  dwarf  stars  of  these  t^-pes 
show  little  if  any  variation  with  absolute  magnitude. 

TABLE  III 

Second  Solution:   Separate  Equations  for  Giants  and  Dwarfs  of 
Types  K  and  M 


Type 

log  V 

logr 

loge 

M<2.s 

K 

1. 398  +  0. 0531  M 
=1=0. 024=1=0. 0206 

1-4554-0.03201/ 

=•=0.016  =4=0.  02  13 

1.422+0.0282  M 
=fco.oio='=o.oo62 

I.  232+0. 0281  M 
=fc  0 .  05  2  =*=  0 .  0446 

1.298+0.0440  M 
=1=0. 014=1=0.0191 

1. 275+0. 0417  M 
='=o.oi3=*=o.oo82 

1 .  164+0. 1062  M 

M 

=fco. 028^0.0239 
1 .  304+0 .  1480  M 

All(FtoM) 

=1=0.012^0.0165 

1.232+0.0113!/ 
=1=0.022=1=0.0135 

M>2.5 

K 

1 .  710 

=1=0.012 

1-734 
=±=0.031 

1 .640+0.0126  M 
=1=0.024='=  0.0042 

1 .700 

=tO.OI2 

1-645 
=fc  0.040 

1. 549+0. 0234  M 
±0.053=^0.0089 

1 .431 

M 

=1=0.014 

1-578 
=1=0.012 

1 .271+0.0271  M 
=1=0.030=1=0.0051 

All(FtoM) 

Tables  II  and  III  give  the  values  of  the  coefiticients  and  their 
probable  errors  in  the  equations  of  the  form 

log  v  =  a-\-bM 

for  the  two  solutions.  Further,  all  the  types  are  discussed  together, 
and  a  term  involving  the  square  of  M  has  then  been  included  in 
the  first  solution,  the  form  being 

log  v=a-\-hM+cM^ 


with  similar  expressions  for  the  tangential  and  radial  velocities. 

From  the  equations  of  Tables  II  and  III  we  obtain  the  values 
given  in  Table  IV.     The  columns  marked  i  and  2  under  K,  M, 
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TABLE  IV 
Absolute  Magnitude  and  Velocity:   Computed  Values 


M 


K 


M 


All  Types 


i»= Geometrical  Mean  of  Space- Velocities 


+    I. 
2. 

3- 
4. 
5- 
6. 

7- 
8. 

9- 

+  10. 


+   I. 
2. 

3- 
4- 

5- 
6. 

7- 
8. 

9- 

+  10. 


+   I. 
2 . 

3- 
4- 
5- 
6. 

7- 
8. 

9- 
+  10. 


17.6 
20.0 
22.  7 
25.8 
293 

33  2, 

37.8 
42.8 


19.7 
22.6 
26.0 
29.9 
34-4 
39-4 
45-4 
52.2 
60.0 


24.4 
26.8 
29.4 
324 
35-6 
39  I 
43  o 
47.2 

519 
570 


19.6 

22. 1 
25.0 
28.2 
319 


513 


24.6 

26. 

28 

30 

33 


54-2 


18.7 
22  .0 
25.6 
29.4 
33  S 


37-7 
41.9 
46. 1 
50.2 
54-1 
575 
60.5 
63.1 


r  =  Geometrical  Mean  of  Tangential  Velocities 


12.9 

151 
17.7 
20.8 
24 -3 
28.5 
33-4 
39-2 


14 
17 
20. 

24- 

29 

34- 
41 
49.8 
59-4 


12.4 

14.4 

16.8 

19.4 

22.6 

26. 2I 

30-5 

35-3 

41 .0 

47.6 

55-3 


150 
16.0 
17. 1 
18.2 
18.4 


16 


44.2 


11. 8 

147 
18.0 

21 .9 
26.  2 

30.9 
36.0 
41.2 
46.7 
52  .0 

57-3 
62  .2 
66.-; 


9=  Average  Radial  Velocity 


12.5 
13-3 
14. 1 
150 
158 
16.8 
17.9 
19.0 


13.6 
14.9 
16.4 
18.0 
19.8 
21.8 

239 
26.3 
28.9 


14.6 


17. 1 
18.4 
20.0 


233 
25.2 
27 . 2 
29.4 
31.8 


9.0 
II. 4 
14.6 
18.6 
23.8 


27.0 


39 


37-8 


143 
154 
16.6 
17.8 
19.  2 
20.8 
22  .4 
24.  2 
26.2 
28.4 
30.8 
33-4 
36.3 


17. 1 
18.8 
20.8 
22.8 
41 .6 
44 -o 
46.3 
48.9 
516 

54-4 
57-5 
60.7 


16.  2 
16.6 
17. 1 

175 
18.0 

22.5 
239 
25 -5 
27.  2 
28.9 
30.8 
32-7 
34.8 
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and  All  T}'pes  give  the  results  derived  from  the  two  solutions,  the 
first  representing  a  continuous  and  the  second  a  discontinuous 
variation. 

The  geometrical  means  of  the  space-velocities  may  be  con- 
verted into  arithmetical  means  by  multiplication  with  the  factor 
I .  i86.  The  results  are  given  in  Table  V,  the  values  used  being 
those  derived  from  the  first  solution,  based  on  the  assumption  of  a 
continuous  variation  with  absolute  magnitude. 

TABLE  V 

Arithmetical  Meax  of  Space-Velocity  and  Corrected  Average 
R.ADiAL  Velocity 


M 

V 

d 

F 

G 

K 

M 

All 

F 

G 

K 

M 

All 

—  2 

—  I 

O 

+  I 

2 

3 

4 

5 

6 

20.9 

23-7 
26.9 
30.6 
34-7 
39-5 
44.8 
50.8 

234 
26.8 
30.8 

35-5 
40.8 
46.8 
53-8 
61 .9 
71.2 

26.3 
28.9 
319 
34-9 
38.4 
42.2 
46.4 

5I-0 
56.0 
61.6 
67.6 

29 -5 
317 
33-9 
36.3 
38.9 

59-2 

635 
68.0 

22 
26 
30 
34 
39 
44 
49 
54 
59 
64 
68 
71 
74 

2 
I 
4 
9 

7 
7 
7 
7 
5 
2 
2 
8 
8 

II. 9 
12.6 

134 
14.2 
150 
16.0 
17.0 
18.0 

12.9 
14.2 
156 
17. 1 
18.8 
20.7 
22.7 
25.0 
275 

13-9 
ISO 
16.2 

175 
19.0 
20.4 
22. 1 

23 -9 
25-8 
27.9 
30.2 

16 
18 

19 
20 
21 

32 
34 
36 

9 
0 

2 

5 
8 

3 
5 
8 

13 
14 
IS 
16 
18 

19 
21 

23 
24 
27 
29 
31 
34 

6 
6 
8 

9 

2 
8 

3 
0 

9 

0 

7 

8 

3 

7 
S 

9 

-fio 

The  average  radial  velocities  6  are  derived  from  stars  north  of 
—  30°  declination  with  absolute  magnitudes  determined  at  Mount 
Wilson.  Consequently,  on  account  of  the  effect  of  stream-motion, 
the  values  of  6  require  a  slight  systematic  correction  if  they  are 
to  be  compared  with  values  obtained  from  stars  distributed  over 
the  whole  sky.  Allowance  is  made  for  the  omission  of  stars  in  the 
area  south  of  —30°  by  multiplication  with  a  factor  0.95  and  the 
results  of  6  corrected  in  this  way  are  also  given  in  Table  V. 

The  mean  velocities  for  the  giants  and  dwarfs  separately 
have  been  computed  for  each  spectral  type  and  are  given  in 
Table  VI. 


ABSOLUTE  MAGNITUDE  AND  SPACE-VELOCITY 


21 


It  is  of  interest  to  compare  the  results  for  d,  the  average  radial 
velocity  corrected  for  stream-motion,  with  those  given  by  Camp- 
bell.'    His  values  are: 

F  G  K  M 

14.4         15.9         16.9         17. 1  km/sec. 

The  agreement  is  excellent  if  we  assume  the  following  mean 
absolute  magnitudes  for  the  stars  of  Campbell's  list: 

F, +1;     G,  o;     K,  oto+i;     M,  —  2. 

These  values  of  the  mean  absolute  magnitudes  for  the  stars 
observed  by  Campbell  appear  quite  reasonable,  except  perhaps  in 


TABLE  VI 
Summary  of  Results 


M 


Giants  No 

.l/<2.5         M. 

V.  . 
V.  . 

T. 

9.. 
Corrected     d.  . 

Dwarfs  No 

M>2.s        M. 

V.  . 
V.  . 

T. 

e. . 

Corrected     6.  . 


o.  I 

21 . 7 


257 
18.0 


14. 1 
13-4 


igr 


17 


216 

0-3 
27.0 

32.0 
21 . 7 

17-4 
16.5 

184 

4  " 


24 


320 

0.8 
27.9 

33   I 
18.2 

18.2 
17-3 

148 

6.2 
513 

60.8 
50-I 


2.^.6 


114 


O.  I 

29.0 


34-4 
20.0 


21.4 
20.3 


the  case  of  the  stars  of  the  M  t>pe.  For  these  stars  it  seems  prob- 
able that  the  systematic  motions  differ  somewhat  from  those  of 
other  types,  and  hence  our  values  of  6  need  a  special  correction  in 
order  to  make  them  comparable  with  those  obtained  from  stars 
distributed  over  the  whole  sky. 

'  Lick  Observatory  Bulletin,  6,  125  (Xo.  196),  191 1. 
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It  has  been  shown  by  Campbell'  that,  if  equal  numbers  of  stars 
move  in  all  directions,  the  average  radial  velocity  should  be  exactly 
half  the  average  space-velocity.  This  is  strictly  true  only  if  stream- 
motion  is  neglected.  A  comparison  of  the  results  in  Table  V  shows 
a  remarkably  close  approach  to  this  ratio  among  the  giant  stars. 
Thus  for  absolute  magnitudes  <  2  we  find  for  the  ratio  of  space- 
velocity  to  radial  velocity  the  values: 

F  G  K  M  All  Types 

2.02  1.98  1.96  1.77  1.92 

In  view  of  the  uncertainties  introduced  by  possible  differences 
in  the  systematic  motions  not  allowed  for  in  the  determination  of  the 
average  radial  velocity,  these  results  are  rather  surprising. 

For  the  dwarf  stars  the  relationship  holds  much  less  closely, 
especially  in  types  F  and  G.  These  stars  in  general  have  very  high 
space-velocities,  and,  as  will  be  shown  in  connection  with  an  investi- 
gation of  the  directions  of  stellar  motions,  they  exhibit  very  marked 
differences  from  the  giants  in  their  systematic  motions. 

The  variation  of  velocity  with  spectral  type  among  the  giant 
stars  is  fully  confirmed  by  these  results,  the  space-velocities  show- 
ing it  quite  as  well  as  the  radial  motions.  The  latter  values,  as 
already  noted,  are  in  good  agreement  with  those  of  Campbell, 
except  possibly  for  the  M-type  stars  where  the  difference  from  those 
of  type  K  is  somewhat  larger.  Among  the  dwarf  stars,  the  existence 
of  such  a  relationship  is  very  doubtful  and  there  even  appears  to  be 
a  tendency  toward  a  reversal  of  the  effect  found  for  the  giants, 
the  F  and  G  stars  moving  more  rapidly  than  the  K  and  M  stars. 
As  already  stated,  the  largest  space-velocities  are  found  among  the 
F  and  G  types.  In  view  of  the  peculiar  character  of  the  motions 
of  the  rapidly  moving  dwarf  stars  it  seems  very  doubtful  if  we 
can  distinguish  a  relationship  dependent  upon  absolute  magnitude 
without  a  further  great  addition  to  our  observational  material. 

The  values  of  the  radial  velocities  shown  in  Table  I  among  the 
very  brightest  stars  of  spectral  t>T)es  F  and  K  and  the  Cepheid 
variables  are  quite  comparable  with  those  of  stars  of  type  B,  and 
suggest  that  there  is  little  variation  with  spectral  type  among 

'  Stellar  Motions,  p.  215,  1914. 
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such  stars.  The  material,  however,  is  insufficient  for  a  definite 
conclusion.  The  space-velocities  of  these  stars  cannot  well  be 
compared,  since  they  are  affected  systematically  by  any  accumula- 
tion of  errors  in  their  parallaxes  or  proper  motions. 

It  is  clear  from  the  results  of  this  investigation  that  the  giant 
stars  as  a  whole  are  much  more  homogeneous  in  character  than 
the  dwarf  stars  and  show  the  effects  of  variation  of  velocity  with 
absolute  magnitude  and  spectral  t>pe  more  clearly.  The  latter 
show  a  much  wider  dispersion  of  velocities  and  are  subject  to 
systematic  motions  differing  from  those  of  the  giant  stars.  This 
is  perhaps  to  be  expected  if  the  masses  of  the  giant  and  dwarf 
stars  differ  to  any  considerable  extent. 


THE   FREQUENCY-LAW   OF    SPACE- VELOCITIES 

It  is  of  interest  to  compare  the  observed  distribution  of  these 
space- velocities  with  that  given  by  Maxwell's  law.     This  assumes  a 

TABLE  VII 

Comparison  of  Frequency  of  Space-Velocities  with  That  Given 
BY  Maxwell's  Law 


F  Type 

GType 

GType 

KType 

KType 

MType 

M  =  2 . s  to 

M=-i.5  to 

M=3.5  to 

M  =  —4.0  to 

M  =5.5  to 

J/  =  -3.8to 

V 

5-7 

+  2.5 

6.6 

+  2.5 

9.7 

+I.S 

No 

Nc 

No 

Nc 

No 

No 

No 

Nc 

No 

Nc 

No 

Nc 

km/sec. 

0-20. . . . 

32, 

2,3 

55 

55 

14 

14 

107 

107 

7 

7 

30 

30 

20-40 .... 

90 

90 

lOI 

lOI 

39 

39 

154 

154 

28 

28 

57 

57 

40-60 .... 

41 

39 

30 

20 

45 

17 

5« 

19 

43 

27 

23 

13 

60-80 

16 

5 

17 

I 

33 

2 

30 

0 

24 

II 

7 

I 

>8o 

47 

0 

12 

0 

49 

0 

16 

0 

29 

2 

6 

0 

Total.  . 

227 

167 

215 

177 

180 

72 

365 

280 

131 

75 

123 

lor 

h 

0.0352 

0.0428 

00351 

0.0472 

0.0263 

0.0417 

Excess 

in  per 

cent . . 

36 

22 

151 

30 

76 

•22 

random  distribution  in  direction  and  contains  a  single  constant,  the 
modulus  h,  in  the  equation 
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Determining  the  value  of  h  from  the  numbers  of  velocities 
between  o  and  20  km  and  20  and  40  km,  we  obtain  the  results 
shown  in  Table  VII.  N<,  and  Nc  denote  the  numbers  of  observed 
and  computed  velocities  within  the  limits  given. 

This  comparison  at  once  shows  a  large  excess  in  the  number  of 
observed  high  velocities  over  that  required  by  Maxwell's  law.  It 
is  especially  marked  among  the  dwarf  stars  and  is  probably  due  to 
the  fact  that  a  strong  correlation  exists  among  the  three  components 
of  space-velocities,  a  large  component  along  one  axis  being  in 
general  related  to  large  components  along  the  other  two  axes. 
Maxwell's  function  is  based  upon  the  assmnption  that  the  three 
components  are  independent  of  one  another. 

A  type  of  frequency-function  which  represents  much  better  the 
observed  distribution  of  space-velocities  is  one  based  upon  the 
assumption  of  a  normal  error-distribution  of  the  logarithms  of 
the  velocities.'  If  we  transform  such  a  function  into  one  express- 
ing the  frequencies  of  the  velocities  themselves  instead  of  their 
logarithms,  we  obtain  the  form 

1     TV 

the  logarithms  here  having  the  base  10. 

This  function  contains  two  constants,  //  and  A,  the  former  of 

which  is  related  to  the  probable  error  in  the  difference  log  v—A  by 

the  equation 

^^0.6745^ 

The  quantity  A  is  the  algebraic  mean  of  the  logarithms  of  the  space- 
velocities,  or, 

A=\og  v>  =  log  zj , 

where  v  represents  the  geometrical  mean  of  the  velocities. 

'  Another  type  of  frequency-function,  involving  only  one  constant,  which  repre- 
sents the  distribution  nearly  as  well  as  the  logarithmic  one,  is 

F{v)dv  =  —v^e-hvdv  . 

This  gives 

-     3  2 
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The  arithmetical  mean  v  and  the  most  probable  value  Vp  are 
related  to  v,  h,  and  r  by  the  expressions 


\ogv=\ogy-\- 


4/f^  Mod 


=  log  11+ 2. 530  r% 


\ogVp  =  \ogv— 


Hence 


2h^  Mod 

Vp<V<V. 


=  logi'— 5  .061  r' 


Table  VIII  shows  how  this  frequency-function  represents  the 
observed  velocities.     The  stars  have  been  grouped  according  to 

TABLE  VIII 
Frequency  of  Space-Velocities  According  to  Logarithmic  Function 


V 

FType 

A/  =  2.5to 
5-7 

GType 
M=-i.sto 

+2.5 

GType 

M  =  3.5  to 

6.6 

K  Type 
M=—3.5to 

+  2.5 

KType 

M  =  5.5  to 
9.7 

MType 
M  =  -3. Sto 

+I.S 

-Vo 

•V. 

^0 

^^c 

No    . 

Nc 

A^« 

Nc 

No 

Nc 

No 

Nc 

km 
0-  10 

10-  20 

20-  30 

30-40 

40-  50 

50-  60 

60-  70 

70-  80 

80-  90 

go-ioo 

lOO-IIO 

110-120 

120-130 

X30-140 

140-150 

150-200 

200-250 

250-300 

300-350 

350-400 

400-450 

450-500 

>Soo 

3 
30 
S3 
37 
29 
12 
10 

6 
9 

8 

2 

2 

I 

I 

2 

9 

0 

2 

2-5 

2.5 

2 

1 

3 

3-7 

31.7 

44-9 

38.7 

28.2 

19.2 

12.9 

8.7 

5.8 

3.9 

2.7 

1.8 

1.3 

1 .1 
0.7 
2-5', 
2.6 
3-4 
3.4 
3.o[ 

2.2  1 
1.7 
2.9J 

16 
39 
59 

42 

17 

13 

7 

10 

I 

I 

2 

0 

2 

I 

4 

1 

8.4 
49-2 
54.0 
38.7 
24.5 
ISO 

5.8 
3.4 
2.4 
i-S 
0.8 
0.7 
0.4 
0.2 

0.9 

3 
II 
17 

21.5 

22.5 

23 

18. 5 

14.5 

16 

10 

7 

4 

3 

2 

i.S 

s-s 

0.7 

9-9 

20.7 

24.9 

23.4 

20.1 

16.6 

13.1 

10.6 

8.1 

6.3 

S.I 

4.1 

3.1 

2.5 

10.8 

23 
82 
89 
6S 

41 
17 
24 
6 
4 
3 
? 
0 
0 
I 
I 

S 

18.6 

88.7 

89.4 

62. s 

39-4 

24.1 

14.9 

9.2 

6.2 

3.6 

2.6 

1.8 

l.l 

0.7 

0.7 

1.5 

0 

7 
7 

21 
21 
22 
11 
13 
8 

8 

I 
3 
3 

2 
I 

3 

0.1 

3-8 

13.5 

19.9 

20.5 

17.8 

14.3 

10.8 

8.2 

5-9 

4.3 

3.1 

2.4 

1.6 

1.3 

3-S 

6 
23 -S 
37.0 
20.5 
14 

9 

S 

2 

I 

2 

0 

0 

0 

0 

I 

2 

3.8 

26.8 

31.8 

23.1 

14.6 

8.9 

5-3 

3.2 

1.9 

1-3 

0.7 

0.6 

0.3 

0.2 

0.1 

0.4 

Totals.... 

227 

227.0 

215 

215.0 

180 

180.0 

363 

365.0 

131 

1310 

123 

123.0 

spectral  type  and  absolute  magnitude.  In  the  case  of  the  F-type 
stars  it  was  found  necessary  to  use  the  sum  of  two  frequency- 
functions,  since  there  exists  in  this  t\^e  a  special  group  of  stars 
of  absolute  magnitudes  between  3  and  5  with  velocities  ranging 
from  160  to  nearlv  1000  km. 
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The  constants  of  the  frequency-function  v  and  r,  together  with 
the  arithmetical  mean  v  and  the  most  probable  velocity  Vp,  are 
given  in  Table  IX. 

TABLE  IX 

CoxsT.\XTS  OF  Logarithmic  Frequexcy-Fiinxtion 


Type 


m 

V 

r 

'P 

V 

km 

km 

km 

+2.510+5.7 

35-6 

0.178 

24.6 

42.8 

+  2 

5  to  +5 

7 

346.0 

0.  104 

306.0 

368.0 

—  I 

5  to  +2 

.S 

29.1 

0.178 

20.1 

35° 

+3 

5  to +6 

6 

550 

0.  190 

36.2 

67.7 

-.s 

5  to +2 

5 

28.2 

0.185 

18.8 

34-4 

+  5 

5  to  +9 

7 

54-1 

0.156 

40.8 

62.3 

-3 

8  to  +1 

5 

29.7 

0.  171 

21  .1 

35-2 

No. 


F. 
F. 
G. 
G. 
K. 
K, 
M 


207 
20 

215 

180 
365 
131 
123 


The  marked  difference  in  space-velocity  between  the  giant  and 
dwarf  stars  is  shown  clearly  in  the  results  of  Table  IX. 

The  principal  results  of  this  investigation  may  be  summarized  as 
follows : 

1.  The  average  space-velocities  of  the  stars  of  types  F,  G,  K,  and 
M  vary  with  absolute  magnitude  to  a  marked  degree.  The 
increase  of  velocity  with  decreasing  brightness  is  most  regular 
among  the  giant  stars.  Among  the  fainter  dwarf  stars,  if  the  effect 
is  present  it  is  concealed  in  large  measure  by  the  individual  peculi- 
arities of  motion. 

2.  The  tangential  and  radial  velocities  show  results  similar  to 
those  obtained  from  the  space-velocities. 

3.  The  increase  in  average  space-velocity  is  about  3  km/sec. 
for  a  decrease  of  one  magnitude  in  brightness.  In  the  radial 
velocity  the  increase  is  i .  2  km/sec. 

4.  The  average  space-velocity  of  the  giant  stars  is  very  nearly 
twice  the  average  radial  velocity,  a  result  which  would  follow  strictly 
if  equal  numbers  of  stars  moved  in  all  directions. 

5.  The  variation  of  velocity  with  spectral  type  is  well  marked 
among  the  giant  stars,  but  is  much  less  certain  among  the  dwarfs. 

6.  The  very  brightest  stars  intrinsically  of  all  the  spectral 
types  appear  to  have  nearly  equal  radial  velocities. 

7.  The  greater  homogeneity  of  the  giant  stars  as  a  class  and 
their   pamocrative   freedom   from   large   individual   motions   are 
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indicated  by  these  results.     The  dwarf  stars  show  a  very  wide 
dispersion  in  motions. 

8.  The  frequency  of  the  space-velocities  cannot  be  represented 
adequately  by  a  distribution  according  to  Maxwell's  law,  there 
being  a  large  excess  of  high  velocities.  A  type  of  frequency- 
function  based  upon  the  assumption  of  a  normal  error-distribution 
in  the  logarithms  of  the  velocities  is  found  to  satisfy  the  observa- 
tions in  a  much  better  way. 

MoTjNT  Wilson  Observatory 
April  192 1 


THE  ELECTRIC  FURNACE  SPECTRUM  OF 
SCANDIUM^ 

By  ARTHUR  S.  KING 
ABSTRACT 

Spectrum  of  scandium  in  arc  and  in  electric  furnace,  X  jo/j  to  6jjp  A. — A  highly 
purified  sample  of  scandia,  prepared  by  Sir  William  Crookes,  was  placed  in  a  graphite 
boat  in  the  tube-resistance  furnace  operated  as  usual  at  low  pressures.  The  relative 
intensities  of  257  lines  on  grating  spectrograms,  some  obtained  with  the  furnace  at  a 
temperature  of  2000,  2250,  or  2600°  C.  and  others  with  a  carbon  arc  containing  scandia, 
are  recorded  in  Table  I,  together  with  the  classification  of  each  according  to  its  behavior 
in  furnace  and  arc.  About  25  lines  enhanced  in  the  arc  and  150  lines  enhanced  in 
the  furnace  are  indicated  by  E  and  A  respectively.  The  2g  arc-flame  lines  are  all  A 
lines  but  are  scattered  through  temperature  classes  I  to  III;  they  cannot  be  due  to 
oxidation,  since  none  took  place  in  the  furnace.  On  the  other  hand,  since  the  band 
lines  are  practically  absent  from  furnace  spectra,  they  are  probably  due  to  the  o.xide. 
These  results  are  of  great  interest  in  relation  to  solar  and  sun-spot  spectra.  The  A 
lines  and  low  temperature  furnace  lines  are  absent  or  very  weak  in  the  solar  spectrum 
but  are  prominent  in  the  sun-spot  spectrum. 

Zeeman  effect  for  scandium  lines  in  sun-spot  spectra  is  large  and  apparently  uni- 
form.    Laboratory  observations  are  lacking  at  present. 

Observations  as  to  chemical  properties  of  scandium. — The  scandia  fused  in  the 
furnace  seemed  to  form  a  carbide  with  the  graphite  boat.  The  shining  black  residue 
turned  to  a  gray-brown  powder  after  exposure  to  the  air,  presumably  from  the  reabsorp- 
tion  of  oxygen. 

Scandium  occurs  in  small  amounts  in  a  number  of  the  rare-earth 
minerals,  but  its  extraction  in  a  fair  degree  of  purity  is  an  exceed- 
ingly difficult  matter,  and,  as  its  separation  has  not  been  stimulated 
by  any  commercial  application,  the  substance  is  extremely  scarce. 
The  late  Sir  William  Crookes^  described  his  examination  of  a  large 
number  of  minerals  in  a  search  for  those  containing  scandium. 
Wiikite,  found  in  Finland,  proved  to  contam  over  i  per  cent  of  scan- 
dium oxide  (scandia)  and  was  used  by  him  to  furnish  pure  scandia. 
The  final  difficulty  "n  the  tedious  process  of  separation  was  the 
elimination  of  the  closely  related  elements  yttrium  and  ytterbium. 

The  spectrum  of  scandium  is  especially  interesting  on  account 
of  the  pecuhar  intensity  relations,  to  be  discussed  presently,  among 
the  scandium  lines  in  the  solar  spectrum.  An  examination  of 
the  behavior  of  the  lines  at  various  temperatures  of  the  electric 

'  Contributions  from  the  Mount  Wilson  Observatory,  Xo.  211. 
'Philosophical  Transactions,  A,  209,  15,  1909. 
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furnace  was  therefore  desirable,  in  order  to  determine  the  part 
which  temperature  may  play  in  bringing  about  the  peculiarities 
observed. 

Through  the  good  offices  of  Professor  Fowler,  I  have  been  able 
recently  to  obtain  a  sufficient  amount  of  highly  purified  scandia  to 
carry  out  the  examination  of  the  furnace  spectrum.  This  scandia 
was  prepared  by  Sir  William  Crookes.  His  former  assistant, 
Mr.  J.  H.  Gardiner,  very  kindly  placed  the  material  at  my  disposal 
through  Professor  Fowler. 

In  the  earlier  solar  investigations  in  which  the  spot  spectrum 
was  studied  it  was  noted  that  certain  lines  intensified  in  the  spot 
coincided  with  lines  in  the  scandium  arc,  while  other  strong  arc 
lines  were  absent  in  the  spot  though  present  in  the  solar  spectrum 
and  prominent  in  the  chromosphere.  Fowler^  explained  this 
phenomenon  by  producing,  besides  the  regular  arc  spectrum,  the 
spectrum  of  the  arc  in  hydrogen,  which  approaches  that  of  the 
spark,  and  the  spectrum  of  the  flame  of  the  arc,  in  which  certain 
lines  are  given  a  high  intensity.  His  results  showed  clearly  that  the 
lines  prominent  in  the  spot  spectrum  are  those  given  by  the  flame  of 
the  arc  and  probably  result  from  a  reduced  temperature  in  the  spot, 
whi'e  the  scandium  lines  missing  from  the  spot  spectrum  are 
enhanced  lines,  though  present  often  with  considerable  intensity 
in  the  arc.  The  occurrence  of  three  distinct  types,  enhanced,  arc, 
and  flame  lines,  in  the  scandium  arc  is  a  feature  shown  by  some 
other  elements,  notably  titanium,  the  low-temperature  lines  of 
which  have  been  selected  by  the  furnace,^  while  many  lines  promi- 
nent in  the  arc  are  much  enhanced  in  the  spark. 

EXPERIMENTAL   METHOD 

The  tube-resistance  furnace  was  operated  as  usual,  the  chamber 
being  pumped  out  to  a  few  millimeters'  pressure.  To  avoid  scatter- 
ing of  the  scandia  in  the  tube,  the  powder  was  put  in  a  small  com- 
bustion boat  of  graphite,  which  was  placed  at  the  middle  of  the 
furnace-tube.  The  image  of  the  space  above  this  boat  was  focused 
on  the  slit  of  the  spectrograph.     The  scandia  fused  in  the  boat, 

'  Ibid.,  A,  209,  47, 1909. 

^  Ml.  Wilson  Conlr.,  No.  76;   Astro  physical  Journal,  39,  139,  1914. 
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entering  to  some  extent  into  the  graphite  as  if  a  carbide  were 
formed.  The  fused  residue  was  a  shin'ng  black  when  removed  from 
the  tube,  but  after  exposure  to  the  air  for  some  time  turned  to  a 
gray-brown  powder,  presumably  from  the  reabsorption  of  oxygen. 
The  spectrograms  were  made  with  a  15-foot  concave-grating 
spectrograph,  the  second  order  with  a  dispersion  of  i  mm  =  1.86  A 
being  used  for  the  ultra-violet,  and  the  first  order  for  the  region 
from  X  3800  into  the  red. 

EXPLANATION   OF   THE    TABLE 

The  method  followed  in  the  study  of  the  furnace  spectrum  of 
scandium  was  the  usual  one  of  selecting  three  temperature  stages, 
the  lowest  of  which  gives  a  small  number  of  distinctive  lines.  These 
lines  are  of  two  kinds,  some  remaining  practically  unchanged  or 
even  losing  in  strength  as  the  temperature  is  increased,  while  others 
strengthen  with  rising  temperature  and  frequently  show  wide 
reversals.  These  two  kinds  of  lines  are  given  in  Table  I  as  belong- 
ing to  Class  I  and  Class  II  respectively. 

A  higher  stage,  designated  as  medium  temperature,  brings  out  a 
large  number  of  lines,  placed  as  a  rule  in  Class  III,  while  a  still 
higher  temperature  gives  the  lines  of  Class  IV.  Still  other  lines, 
which  are  absent  or  very  faint  in  the  high-temperature  furnace, 
go  into  Class  V.  The  furnace  temperatures  required  to  bring 
out  lines  of  these  various  classes  differ  with  different  elements. 
For  scandium  the  three  stages  selected  were  1900°  to  2000°  C.  for 
the  low,  2250°  for  the  medium,  and  2600°  for  the  high  tempera- 
ture. 

In  Table  I,  the  wave-lengths  in  the  first  column  are  those  of 
Exner  and  Haschek'  for  the  arc  spectrum.  The  arc  wave-lengths 
measured  by  Fowler^  cover  the  visible  spectrum  beginning  at  X  3934 
and  include  some  lines  not  measured  by  Exner  and  Haschek. 
The  wave-lengths,  according  to  Fowler,  of  such  lines  are  denoted 
by  a  dagger.  The  enhanced  lines  of  scandium  form  an  important 
class.  I  have  taken  Fowler's  selection  of  these  and  designated 
them  by  "E"  after  the  class-number.     Finally,  a  large  proportion 

'  Speklren  der  Elemenle  bei  normalem  Druck,  Leipzig,  191 1. 
'  Loc.  cit. 
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TABLE  I 
Temperature  Classification  of  Scandium  Lines 


exner  ant) 
Haschek 


Akc 
Intensity 


Furnace  Intensities 


High 
Temperature 


Medium 
Temperature 


Low 

Temperature 


Class 


3015 

50 

30 1 Q 

48*... 

3030 

87*... 

3040 

03*  . . . 

3056 

37 

3251 

43 

3255 

81 

3270 

08 

3273 

79 

2,333 

67.... 

3343 

42* 

3349 

36.... 

3351 

34 

3352 

19 

3353 

90 

3359 

84 

3361 

48 

3362 

12 

3365 

01 

3369 

13 

3372 

33 

33«6 

02 

3416 

80 

3429 

34 

3429 

61 

3431 

50 

3435 

68 

3439 

55 

3440 

31 

3444 

13 

344« 

62 

3457 

56 

3462 

30 

3469 

76 .... . 

3469 

84 

3499 

05 

3535 

89 

355« 

69*.... 

3567 

89 

3572 

73 

3576 

53 

35«i 

II 

35«9 

81 

3590 

67 

3614 

00 

3630 

93 

3635 

45* 

3642 

99 

3645 

50 

3(>47 

05 

6 

15 
20 


2 
6 

7 
6 

20 
8 

7 

6 

6 

30 


10 

I 


5r 


i5r 
40R 
50R 

5 
4 
4 


4 
3 
6 

7 
8 
6 

20 


lor 

30R 

50R 


6 
10 


I 

4 
6 
8 

4 

20 


II 

II 

II 

III  A 
IV 

IV 
I  A 

II  A 

II  A 
III  A 
III  A 

III  A 

IV  A 
IV 
III 
III 
III 
III 

III  A 
III 
III 

IV  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III  A 
III 

II 

II 

II 

II 

II 

II 

II 

II 

II 
III 

II 
III 
III  A 
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ex-ver  and 
Haschek 


Arc 

Intensity 


Furnace  Intensities 


High 
Temperature 


Medium 
Temperature 


Low- 
Temperature 


Class 


3652.01. . . 

3657- 75- • • 
3666.68. . . 
3895.11. . . 
3907.69. . . 
3912.03. . . 
3915.09. . . 
3933-59- • • 
3952.43- ■ • 
3996.79. . . 
4014.68.  .  . 
4020.60.  .  . 
4023.36*.  . 
4023.88 .  .  , 
4031.51.  . 

4034 •35-  • 
4036.98.  . 
4043.97.  . 
4046.64. .  , 
4047.98. .  . 

4050.09.  . 
4052.00..  . 
4054.71. . 
4056.72. . 
4067.15. . 

4075 •13- • 

4078.70.  . 
4082.60.  . 
4086 .15.. 
4086.80.  . 
4087.28.  . 

4095 • 03  •  • 

4133.10.  . 

4140.42.  . 
4152.51-  • 
4165-39-  • 
4171.92.  . 

4218.43.  . 
4219.90.  . 
4222.07!- 
4225.76*  . 
4232.13.  . 

4233-83-  - 
4237.96.  . 
4238.21.  . 
4239.72.  . 
4246. 27 . . 
4247.02 . . 
4259.86!. 

4283.71.  . 
4286.71 . . 
4294.94. . 


/o 

100 

tr 

20 

I 
30 

5 
75 

100 
2 


35 
4 


40 


3 
3 

2 

75R 
looR 

I 
25r 

2 
3or 

3 
75R 

.  3 
D  • 

looR 


6 

7 
25r 

5 

2 
40R 

8 

6 

7 

6 

30R 


8 

8 

10 

8 

12 

10 

12 

10 

I 

3 
6 

2 

7 

I 

3 

2 

5 

2 
3 

5 
8 

6 

3 
10 

tr 
60 
80 


15 


20 
tr 
60 

I 
80 

3 


3 
3 

25 
2 

tr 

40 
4 
3 
3 
3 

40 


tr 


tr 


tr 


15 


10 
20 


40 
40 


40 


50 


III 

III  A 
III 

IV  A 
II 
II 

IV  A 

II 
IV  A 

I 
IV  E 

II 
III  A 

II 

III  A 
III  A 
IV 

III  A 

III  A 

I 

III  A 

IV  A 
I 

III  A 
III  A 
III  A 
III  A 

I 
III  A 
III 
III 
III  A 
III 
III 
III 
III 
III  A 
III  A 

III  A 

IV  A 

III  A 

IV  A 

III  A 
IV 
III 

IV  A 
IV  A 
HIE 
IV 
IV  A 
IV  A 
IV  E 
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TABLE  I — Continued 


exner  and 

Haschek 


Arc 
Intensity 


Furnace  Intensities 


High 
Temperature 


Medium 
Temperature 


Low 
Temperature 


Class 


4305 
4314 
4320 

4325 
4348 
4352 
4354 
4358 
4359 
4359 
4365 
4374 
4375 
4381 
4384 
4389 
4400 

4415 
4431 
4542 
4544 
4557 
4574 
4579 
4593 
4598 
4598 
4604 
4609 
4610 
4670 
4709 
4721 
472S 
4729 
4732 
4734 
4737 
4741 
4744 
4746 

4749 
4753 
4759 
4763 
4771 
4779 
4791 
4793 
4827 
4833 
4839 


31' 
98, 
22 , 
67 
28 
79 
85 
25 
81 
08 
69 
32 
41 
98  = 
76 
63 
78 
52 
74 
86' 

45 
20 

13 
15 
32. 
63 
89 
69 
15 
60 

51 
00 
98 
40 
48 
30 
83 
23 
03 
31 
15 
34 
15 
30 
67 
59 
74 
10 
48 
86 
63 


10 

100 

75 

50 

tr 

tr 

8 

4 


60 


50 
40 

4 

2 


3 

(i) 
(o) 
(o) 
15 

5 
(o) 

5 
30 

2 

15 
20 

30 
40 

(i) 
(i) 


10 

9 

8 


10 

4 

2 

3 

8 

4 
3 


5? 
15 
18 

30 
40 

3 


(l) 

4 

(3) 

7 

(i) 

2 

20 

25 

4 

20 

(0) 

tr 

4 

12 

3 

4 
2 

3 
I 

tr 
tr 


20 
20 
30 
40 
tr 


60 


150 


IV  E 
HIE 
HIE 
IIIE 
IV  A 
IV  A 
VE 
III  A 

III  A 

IV  A 
III  A 
IIIE 
III  A 

III  A 

IV  E? 
IV  A 
IIIE 
IIIE 

VE 
III  A 

III  A 
III 
III 

IV  A 
IV 
IV  A 
IV 
IV  A 
III  A 

III  A 

IV  E 
III 

III  A 
III 
III 

IV  A 

III 

III 

III 

III 
IV  A 
IV  A 

lA 

III  A 

IV  A 
IV  A 

lA 
lA 
IV 
III  A 
III  A 
III  A 
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exmer  and 
Haschek 


4840.65.  . 
4841.04*. 
4847.88.  . 
4852.88.   . 

4859 -sst  • 
4878.32.. 

4880.93. . 
4890.54-  • 
4893 . 20 . . 

4906.87.  . 

4909.95. . 

4923-03 ■  • 
4934.30*. 

4935 •95-  - 
4941.51 

4951.467- 
4951.84. . 
4954.22.  . 
4973.84.  . 
4980.51.  . 
4983.60*. 
4992.14.  . 
4995.24.  . 
5018.56.  . 
5020.31.  . 
5021 .70.  . 

5031 -23-  ■ 
5032.90. . 
5064.51.  . 
5069.05.  . 
5070.42.  . 
5076.00.  . 
5081.80. . 
5083-93- • 
5085  -  75  -  - 
5087.18*. 
5087.32*. 
5090.10. , 
5092.63*. 
5096.92. . 
5099.41*. 
5101.30*. 
5109.25*. 
5II3-05*- 
5116.89*. 
5210.70. 
5211.50. 
5219. o6t. 
5219.79. 
5  240 . 00 . 
5258.51- 
5285.15- 


Arc 
Intensity 


FuTtNACE  Intensities 


(o) 
(2) 
(i) 
(i) 
(i) 
(2) 

3 

(2) 
(i) 
(i) 

2 

(i) 
(i) 

5 

3 

4 


(2) 
(2) 
(2) 
10 
(i) 


40 
10 

125 
80 
40 
40 
10 


30 
40 
20 

3 

4 
10 
20 
(o) 
(o) 
10 


High 
Temperature 


4 
5 
3 
4 
15 


6 
30 
12 

15 


30 


40 
30 


15 
30; 

25  i 

? 

? 

? 

15 


Medium 
Temperature 

tr 

2? 

3 
3 

tr 
tr 


tr 

3 
6 


4 
40 
30 


Low 
Temperature 


Class 


IV  A 
III  A 
III  A 

III  A 

IV  A 
IV 
IV  A 
IV  A 
IV  A 
III  A 
III  A 

III  A 

IV  A 
III  A 

III  A 

IV  A 
IV  A 
III  A 
III  A 
III  A 
III  A 

III  A 

IV  A 

III  A 
IV 

IV  A 
VE 

IV 
III 
III 
III 
III 

II 

II 

II 

II 

IV? 
IV 

IV  A? 
Ill 
III 
III 
III 
III 
III 
IV 
IV  A 
IV 
IV 
IV  E 
IV 
IV  A 
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TABLE  I— Continued 


exn'er  and 
Haschek 


5285.91 
5302.15. 

53i4-9it. 
53i5-77t. 
5318.53 
5323-26t. 
5323.94!. 
5331- 95. 
5354 -40 ■ 
5339-56. 
5341-20. 
5343 -13 • 
5349 -49 • 
5349-88. 

5350.45 

5355-92. 

5356.26. 

5375-52 

5392.28. 

5416.32 

5425-76. 

54^9-65 

5433-45. 

5438.50. 

5439-24- 

5442.80. 

5446.41 

5447. 66t. 

5451-55. 

5455-50. 

5465-44- 

5468.63, 

5472.42 

5482.20. 

5484.80, 

5514-41 

5520.71 

5527-04. 

5541-19- 

5546.63!. 

5565-10. 

5591-55 

5604.35 

5624.08! 

5631-23' 

5641- 

5646.58. 

5647-78!- 

5649-75 

5658.13 

5658.56. 

5661.86!. 


Arc 
Intensity 


2 

tr 
tr 


tr 

(o) 

3 

tr 


4 

8 

60 

20 

30 


tr 
2 

3 

100 

80 

80 

100 

10 


6 

15 

2 

tr 


Furnace  Intensities 


High 
Temperature 

10 
60 

2 
2 

tr 

3 
tr 
10 


50 
20 
70 
10 
10 
30 
20 

30 

2 

3 
3 


3 
40 
30 
30 
40 


30 


Medium 
Temperature 


40 


Low 
Temperature 


30 
40 


tr 


Class 


IV 
II  A 
IV  A 
IV  A 
IV  E 
IV  A 
IV 
IV  A 
IV  A 
IV 
IV 
II  A 
III 
II  A 
IV  A 
III 
III 
III 
III 
III 
III 
III 
III 
III  A 
III 
III 
III 
IV 
III  A 

III  A 

IV  A 
III 
III 
III 
III 
III 
III 

VE 
IV 
IV 

III  A 

IV  A 
IV 
IV 
IV  A? 

VE 

IV 

IV  A 

IV 
VE 
VE 

IV  A 
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exner  and 
Haschek 


5667.38. 

5669. 26 

5672.05 

5684.41 

5687.06 

5691.551. 

5700-35 

5708.81 

5711-99 
5717-51 
5721. 2ot. 
5724-30. . 
5739-53t- 
5741 -56!. 
5894  -  83 1. 
5919.21!. 
5961. 65t. 
5969-37!- 

5988.  71  ;. 

6021.92!. 
6026.37.  . 
6146.50!. 
6193.94!. 
6198.69.  . 
6210.85 .  . 

6239.64*. 

6240.00.  . 

6245.83. . 
6250.15. . 

6259. 20.  . 
6262.50.  . 

6273.37!. 
6276.52. . 
6284.66!. 
6293.30. . 
6298.00!. 
6305.94. . 
6306. 26*. 

6332.48. . 
6345-06. . 
6379.07. . 

6396.62.  . 

6403 ■35-  ■ 
6408.67.  . 

6413-57-  • 
6448.42!. 
6486.56!* 
6525.84!* 
6558.28!* 


Arc 
Intensity 


200 

8 

150 

(o) 

100 

15 
100 

15 
tr 


(2) 
tr 

4 

3 

20 
(o) 
J5 
(3) 
(3) 
(2) 


100 

S 


(o) 
15 

5 

(2) 
(o) 
400 
20 
(i) 

5 
40 


(i) 
50 

(o) 
(3) 
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Furnace  Intensities 


High 
Temperature 


200 

tr 

125 

tr 

100 

100 

200 

100 

tr 

100 

4 

5 

3 

5 

4 

3 

30 

I 

20 

20 

100 

10 

500 

500 

200 

tr 

20 

300 

15 

tr 

300 

5 

4 

tr 

500 

100 

2 

100 

300 


400 
100 


Medium 
Temperature 


10 
tr 

I 

tr 
tr 
tr 
tr 

3 


2 
2 
100 
I 
500 
500 
200 


300 


200 
tr 
tr 


600 

100 

tr 

75 

300 

tr 


400 


Low 
Temperature 


tr 


60 


40 
30 


40 


800 
200 
500 


400 


1500 
100 


300 


400 


Class 


VE 
IV  E 

II 

VE 

II 
IV 

II 

III  A 
III  A 
III  A 
IV 

III  A 

IV  A 
IV  A 
IV 
IV  A 
IV 
IV 
IV 
IV 
IV 
IV  A 

II  A 
IV  A 

I  A 
II  A 

I  A 

VE 
IV 

I  A 
IV 
IV 
II  A 
IV 
IV 
IV 

I  A 

I  A 
IV 
II  A 

I  A 
IV 
IV 
IV 

I  A 
II  A 
IV  A? 
IV? 
IV 
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X  Remarks 

3015-3040.  Weakened  at  high  temperature  through  incipient  absorption  and 
appear  readily  in  absorption  when  continuous  ground  is  present. 
X  3040  is  faint  in  arc,  given  intensity  i  by  Exner  and  Haschek. 

3343.  Probably  double. 

3559.  Blend  Ti.     Probable  intensity  of  Ti  line  subtracted. 

3635.  Blend  with  impurity  line  at  high  temperature. 

4023.36.  Blend  with  X  4023.88  at  high  temperature. 

4226.  Blend  with  impurity  line  at  high  temperature. 

4385.  Blend  V.     Very  faint  in  furnace. 

4545.  Blend  Ti.     Probable  intensity  of  Ti  line  subtracted. 

4671.  Blend  V.     Faint  if  present  in  furnace. 

4732.  Disturbed  by  carbon. 

4841.  Blend  Ti  at  medium  temperature. 

4934.  Slightly  affected  by  Ba  blend 

4984.  Probably  double. 

5087-5117.  Disturbed  by  carbon. 

5631.  Disturbed  by  carbon. 

6239.64.  Measured  in  low-temperature  furnace. 

6306.  26.  Measured  in  low-temperature  furnace. 

6487,  6526,  6558.  Disturbed  at  high  temperature  by  band  lines  probably  due  to 
carbon. 

of  the  scandium  lines  are  found  to  be  relatively  strong  in  the  furnace, 
at  least  at  high  temperatures,  as  compared  with  the  arc.  These 
are  indicated  by  "A"  after  the  class-number.  The  large  number 
of  these  lines  results  in  a  measure  from  the  choice  of  standard 
intensities  in  the  arc  and  furnace  spectra,  but  is  chiefly  due  to  the 
fact  that  there  is  less  contrast  among  the  scandium  lines  in  the 
furnace  than  in  the  arc.  Consequently  faint  lines  often  come  out 
distinctly  in  the  furnace,  and  if  such  lines  were  given  the  same 
intensity  in  arc  and  furnace  very  high  values  would  have  to  be 
assigned  to  the  stronger  lines  in  the  arc.  The  general  meaning 
of  "A"  after  the  class-number  then  is  that  the  furnace  conditions 
are  relatively  favorable  for  the  line  in  question 

The  arc  intensities  entered  in  the  second  column  were  estimated 
from  photographs  taken  with  scandia  in  the  carbon  arc.  Not  desir- 
ing to  use  much  scandia  for  a  minor  part  of  the  investigation, 
I  made  but  one  set  of  arc  spectrograms,  consequently  there  was 
no  variation  of  the  arc  conditions.  Some  of  the  fainter  arc  lines 
measured  by  Exner  and  Haschek  and  by  Fowler  did  not  show  in 
my  arc  spectra,  usually  on  account  of  disturbance  by  the  prominent 
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flu  tings.     In  such  cases  the  arc  values,  usually  from  Fowler's  hst, 
are  entered  in  parentheses. 

An  asterisk  adjacent  to  the  wave-length  in  Table  I  refers  to  a 
note  among  the  "Remarks"  at  the  end  of  the  table.  When  a 
trace  only  of  a  line  is  to  be  seen,  the  intensity  is  denoted  by  ''  tr." 

DISCUSSION 

I.  Noteworthy  lines  of  scandium. — The  temperature  of  approxi- 
mately 2000°,  designated  as  ''low"  for  scandium,  is  about  the 
same  as  has  been  employed  as  a  medium  temperature  for  several 
elements  previously  studied,  so  that  the  occurrence  of  low- 
temperature  lines  at  wave-lengths  as  short  as  X3000  presents  no 
anomaly.  X  2980. 87  is  probably  to  be  classed  with  XX 301 5.  50 
and  3019 . 48,  as  it  appeared  at  2000°,  but  it  is  too  near  the  end  of  the 
plates  to  show  on  those  taken  at  higher  temperature.  XX 3 255. 81, 
3270.08,  3273.79  are  strong  and  easily  reversible  lines.  They 
maintain  about  the  same  relative  strength  except  at  low  tempera- 
ture, when  the  persistence  of  the  first  of  the  group  justifies  placing 
it  in  Class  I.  In  this  region,  and  throughout  the  spectrum,  many 
lines  remain  about  as  strong  at  2300°  as  at  2600°.  Plates  taken  at 
2100°  showed  lines  of  this  type  just  appearing.  Their  absence 
in  most  cases  at  2000°  causes  them  to  be  placed  in  Class  III. 

Several  strong  lines  occur  in  the  violet,  from  X3908  to  X4083. 
These  are  strong  in  the  arc  and  reverse  in  the  furnace  at  high 
temperature,  retaining  a  considerable  intensity  at  lower  tempera- 
tures. From  X4100  to  X4700,  the  furnace  gives  no  strong  lines, 
and  such  lines  as  appear  do  not  show  at  low  temperature.  The 
strong  lines  given  in  this  region  by  the  arc  are  uniformly  classed 
as  enhanced  lines.  Near  X4750  a  prominent  group  occurs,  includ- 
ing the  remarkable  Class  I  lines  XX 4753. 34  and  4779.59.  These 
are  not  notably  strong  at  high  temperature,  though  their  low  density 
is  caused  partly  by  the  beginning  of  reversal.  At  low  temperature, 
however,  they  are  much  the  strongest  lines  of  the  region,  indeed,  of 
the  whole  visible  spectrum,  with  the  exception  of  the  very  strong 
lines  in  the  red. 

Through  the  green  and  yellow  the  prominent  lines  are  mostly 
arc  lines  which  diminish  gradually  in  strength  with  decreasing 
furnace  temperature. 
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The  region  from  X  6146  to  X  6448  contains  some  very  noteworthy 
lines.  The  stronger  ones  are  relatively  stronger  in  the  furnace  than 
in  the  arc.  Two  of  them,  XX  6240  and  6306,  have  faint  companions 
in  the  arc  which  have  not  been  previously  measured.  These 
weak  companions  attain  high  intensities  in  the  furnace  and  were 
measured  on  low-temperature  furnace  plates  as  X  6239.64  and 
X  6306 .  26.  The  lines  in  this  red  group  are  of  three  types,  Class  II 
and  two  varieties  of  Class  I  lines,  some  of  the  latter  having  about 
equal  strength  at  all  temperatures,  and  others  being  very  strong 
at  low  temperature.  A  contrast  between  these  two  kinds  of  Class  I 
lines  is  offered  in  the  close  pair  X  6305.94  and  X  6306.26,  the 
former  becoming  three  times  as  strong  at  low  temperature  as  at 
high,  while  the  latter  retains  the  same  strength  at  all  the  three 
temperatures.  Especially  notable  is  X  6448.42.  This  has  been 
measured  in  the  arc  only  by  Fowler.  I  have  found  it  as  a  very 
faint  line  on  a  strong  arc  spectrum.  In  the  furnace  it  is  strong  at 
all  temperatures,  but  shows  the  behavior  usually  associated  with 
strong  arc  lines,  falling  off  rapidly  with  decreasing  temperature. 
Fowler  does  not  include  it  among  the  lines  strong  in  the  flame  of 
the  arc.  It  is  difficult  to  account  for  a  line  of  this  type  on  the 
basis  of  dependence  on  intensity  of  excitation,  as  the  arc  condi- 
tions are  distinctly  unfavorable  for  it  and  it  is  relatively  weak  also 
at  the  low  furnace  temperatures.  There  being  no  reason  to  ascribe 
the  line  to  an  impurity,  it  must  for  the  present  be  regarded  as 
especially  sensitive  to  some  feature  peculiar  to  the  furnace  radiation. 
X  6345.06  shows  a  similar,  though  less  pronounced,  behavior  in 
arc  and  furnace. 

In  addition  to  this  t>pe  we  have  all  gradations  of  intensity  at 
different  furnace  temperatures  for  Hnes  which  are  faint  in  the  arc. 
Those  of  Class  I  A  may  be  regarded  as  responding  especially  to 
low  temperature.  The  many  lines  belonging  to  Class  IV  A,  which, 
while  faint  in  the  arc,  are  strong  at  high  furnace  temperature, 
appear  to  respond  only  to  a  limited  range  of  excitation. 

2.  Enhanced  lines. — In  the  scandium  spectrum  we  find  the 
furnace  able  to  produce  with  considerable  intensity  a  number  of 
enhanced  lines.  Of  those  given  by  Fowler  in  the  visible  region,  and 
sufficiently  strong  in  the  arc  to  be  entered  in  my  list,  10  are  in 
Class  V,  8  in  Class  IV,  and  7  in  Class  III.     This  means  that  at  2250° 
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some  enhanced  lines  .are  given  distinctly  by  the  furnace.  In  most 
cases  these  are  much  stronger  at  2600°,  though  X  4247  is  an  excep- 
tional line  showing  about  the  same  strength  at  both  temperatures. 
In  every  case  the  relative  intensity  in  the  arc  as  compared  with  the 
furnace  is  much  greater  than  that  of  the  regular  arc  lines. 

In  the  furnace  data  given  here,  and  previously,  we  have  a 
confirmation  of  the  view  regarding  enhanced  lines  expressed  by 
Fowler  in  his  paper  on  the  scandium  spectrum.'  He  called  atten- 
tion to  the  fact  that  in  the  spectra  of  titanium,  calcium,  strontium, 
and  barium,  as  well  as  of  scandium,  the  arc  gives  strong  lines  which 
have  all  the  characteristics  of  enhanced  lines.  The  furnace  results 
show  the  relation  among  the  enhanced  lines  of  these  several  ele- 
ments. Those  of  titanium^  are  just  visible  in  the  high-temperature 
furnace  and  are  placed  in  Class  V.  Some  of  the  scandium  enhanced 
lines  appear  at  medium  temperature  and  go  into  Class  III,  while 
the  H  and  K  lines  of  calcium  and  the  homologous  pairs  of  strontium 
and  barium^  persist  with  considerable  strength  at  temperatures  as 
low  as  1650°,  and  on  account  of  their  rapid  increase  at  higher 
temperatures  and  in  the  arc  are  assigned  to  Class  II. 

Enhanced  lines  of  different  elements  thus  differ  greatly  as  to  the 
excitation  required  for  their  initial  appearance.  \Mien  given  at  all 
by  the  furnace,  they  agree  in  their  rapid  strengthening  with  increase 
of  temperature  and  in  the  arc  and  finally  in  the  great  intensification 
shown  in  the  spark.  The  last  feature  distinguishes  them  from  the 
large  group  of  high-temperature  lines  which  in  laboratory  sources 
reach  their  maximum  intensity  in  the  arc  and  are  unaft'ected  or 
even  weakened  in  the  spark. 

3.  Comparison  of  arc-flame  and  low-temperature  furnace  lines. — 
By  proper  manipulation  of  the  arc,  a  spectrum  from  the  outer 
vapors  can  often  be  obtained  which  differs  materially  from  that  of 
the  vapor  in  the  direct  path  between  the  electrodes.  The  lines 
relatively  strong  in  this  "arc  flame"  are  usually  considered  as  the 
low-temperature  lines,  though  in  the  arc  the  action  of  temperature 

^Op.  ciL,  p.  52. 

=  Mt.  Wilson  Contr.,  Xo.  76;  Astro  physicalJ  ournal,  39,  139,  1914. 

3  Ml.  Wilson  Contr.,  No.  150;   Astro  physical  Journal,  48,  13,  1918. 
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may  be  complicated  by  the  vigorous  oxidation  taking  place  in  the 
enveloping  vapor. 

Fowler'  lists  29  of  the  principal  arc-flame  lines  of  scandium  for 
the  visible  region  and  compares  them  with  the  corresponding  sun- 
spot  lines.  All  of  these  are  strong  in  the  furnace,  usually  at  low 
temperature,  though  some  belong  in  Class  III.  These  lines, 
however,  are  strong  also  in  the  regular  spectrum  of  the  arc,  in 
which  the  radiation  of  flame  and  core  are  superposed.  In  the 
same  region  the  furnace  gives  13  strong  furnace  lines  not  in  Fowler's 
list.  These  are  often  stronger  at  low  temperature  than  some  of  the 
arc-flame  lines.  All  of  them,  however,  are  relatively  weak  in  the 
arc,  being  lines  with  "A"  after  the  class-number.  This  comparison 
shows  how  far  the  arc  flame  may  be  used  to  select  low-temperature 
lines  and  also  its  limitation  in  this  respect,  in  that  it  does  not 
bring  out  with  any  notable  intensity  those  lines  which  are  faint  in 
the  core  of  the  arc  and,  for  some  reason  at  present  obscure,  are 
strong  in  the  furnace  spectrum. 

In  the  iron  spectrum,  the  degree  of  extension  into  the  flame 
of  the  arc  of  the  various  classes  of  furnace  lines  was  studied  by  the 
write  ^  and  it  was  then  remarked  that  lines  of  Class  I  A  appear  to  be 
radiated  almost  entirely  by  the  outer  vapors  but  are  inherently 
very  faint.  For  the  study  of  such  lines  the  furnace  conditions  are 
very  advantageous. 

Th-e  fact  that  the  low-temperature  furnace  in  a  partial  vacuum 
gives  all  of  the  lines  prominent  in  the  scandium  arc  flame  and  a 
number  besides,  is  evidence  that  the  oxidation  in  the  arc  flame  is  not 
influential  in  producing  the  lines  observed,  but  that  they  are  due 
to  the  reduced  temperature  in  this  region  of  the  arc. 

4.  Band  spectrum. — -The  flutings  prominent  in  the  scandium 
arc  burning  in  air  Were  usually  entirely  absent  in  the  furnace 
photographs.  Only  on  some  long  exposures  at  low  temperature 
was  the  head  of  the  orange  band  at  X  6036  visible,  and  but  one 
of  these  showed  any  development  of  structure.  This  evidence, 
as  far  as  it  goes,  favors  the  view  that  the  bands  are  due  to  the 
oxide,  since,  although  the  material  was  initially  in  the  oxide  form,  it 

'  Op.  cit.,  p.  6g. 

^  Mt.  Wilson  Contr.,  No.  66;   Aslrophysical  Journal,  37,  239,  1913. 
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appeared  to  be  reduced  at  once  with  the  formation  of  a  carbide,  in 
which  case  the  oxygen  would  unite  with,  the  carbon  of  the  tube. 
The  prolonged  exposures  in  some  cases  may  have  allowed  a  little 
oxygen  from  the  residue  of  air  in  the  chamber  to  combine  sufficiently 
with  the  scandium  vapor  to  show  the  one  band  observed.  If  the 
flutings  were  due  to  scandium  itself  they  should  have  appeared  at 
one  of  the  temperatures  used,  since  in  general  the  vacuum  furnace 
is  very  effective  in  producing  a  banded  spectum  when  this  is  due 
to  the  metal  being  vaporized. 

5.  Comparison  ivith  solar  and  sun-spot  spectra. — The  d^ta  now 
available  furnish  an  extension  of  the  observations  of  Fowler  in 
regard  to  the  scandium  lines  occurring  in  solar  and  spot  spectra. 
In  the  first  place  a  comparison  of  the  lines  in  Table  I  with  Rowland's 
"Table  of  Solar  Spectrmn  Wave-Lengths"  shows  that,  though  only 
a  few  are  identified  by  Rowland  as  belonging  to  scandium,  and 
these  in  almost  all  cases  enhanced  lines,  a  large  proportion  of  the 
scandium  wave-lengths  agree  closely  with  those  of  solar  lines.  A 
number  of  these  probable  coincidences  are  listed  by  Lockyer  and 
Baxendall.^  The  strength  of  scandium  lines  in  the  sun  bears  a 
rather  close  relation  to  the  degree  of  electrical  excitation  in  the 
laboratory,  the  strongest,  graded  3,  4,  or  5  on  the  Rowland  scale, 
being  enhanced  lines  or  those  strong  in  both  arc  and  spark.  Those 
showing  no  marked  response  to  electrical  excitation,  but  often 
strong  in  both  furnace  and  arc,  are  faint  in  the  sun,  usually  below 
intensity  i ;  while  lines  relatively  strong  in  the  furnace,  designated 
by  "A"  after  the  class-number,  are  uniformly  either  of  intensity  000 
or  0000  in  the  sun,  or  entirely  absent  from  Rowland's  table.  In 
this  latter  class  the  pronounced  low-temperature  lines  XX  4753  and 
4780  have  no  counterparts  in  the  solar  spectrum  and  such  powerful 
furnace  lines  as  XX  6194,  6259,  6306,  6379,  6413  are  either  lacking 
or  just  at  the  limit  of  visibility. 

A  comparison  with  the  sun-spot  spectrum  showed  a  decided 
prominence  of  the  lines  which  are  strong  in  the  furnace.  For  this 
purpose  the  lines  in  Table  I  of  intensity  10  or  higher  in  the  furnace 
spectrum  were  selected.  While  some  of  them  are  indistinct  or 
disturbed  by  blends,  there  is  little  question  that  these  lines  are 

'  Proceedings  of  the  Royal  Society,  74,  538,  1905. 
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very  generally  present  in  the  spot  spectrum,  and  a  striking  increase 
appears  regularly  over  the  intensities  in  the  solar  disk. 

The  material  available  was  used  in  two  ways.  First,  a  com- 
parison was  made  with  a  list  of  spot  lines  compiled  several  years 
ago  from  spectrograms  of  moderate  dispersion.  In  these  the  effect 
of  the  magnetic  field  in  the  spot  was  usually  simply  to  widen  the 
line,  so  that  intensity  estimates  were  more  easily  made  than  when 
the  lines  are  resolved  into  magnetic  doublets.  In  this  list  low- 
temperature  scandium  lines  not  visible  in  the  solar  spectrum  often 
appeared  in  the  spot  with  a  value  of  at  least  00  on  the  Rowland 
scale,  while  X  6413.57  of  this  type  reaches  an  intensity  of  2  in  the 
spot.  Lines  with  a  solar  strength  of  0000  or  00  usually  strengthen 
to  2  or  higher  in  the  spot. 

The  second  comparison  was  with  the  more  recent  large-scale 
spectra  in  which,  by  means  of  a  nicol  prism  and  compound  quarter- 
wave  plate,  the  intensity  of  the  line  and  also  its  response  to  the 
magnetic  field  is  recorded  across  the  spot  and  over  a  portion  of 
the  disk  on  each  side.  In  these  spectrograms  the  relatively  high 
intensity  in  the  spot  of  the  scandium  furnace  lines  is  very  pro- 
nounced, and  many  fine  cases  of  magnetic  separation  occur.  Lines 
faint  or  invisible  in  the  solar  spectrum  appear  with  considerable 
strength  in  the  spot,  even  when  resolved  into  two  components. 
Some  of  these  magnetic  doublets  are  very  wide,  notable  among  them 
being  the  strong  furnace  lines  XX  5717,  6194,  6240,  6259,  6276, 
6306.26,  6345,  6414.  As  is  usual  with  magnetic  resolutions,  the 
average  width  decreases  as  we  proceed  toward  shorter  wave- 
lengths, though  low-temperature  lines  such  as  XX  4753  and  4780  are 
notable  both  for  strength  in  the  spot  and  for  sensitiveness  to  the 
magnetic  field.  Judging  from  the  spot  spectrum,  since  there  are 
no  laboratory  observations  of  the  Zeeman  effect  for  scandium,  a 
uniformly  strong  response  to  the  magnetic  field  characterizes  this 
spectrum.  ' 

COXCLUSIOX 

The  varying  response  of  spectrum  lines  to  temperature  change, 
observed  in  the  study  at  different  temperatures  of  the  furnace 
spectrum  of  scandium,  has  concerned  itself  especially  with  the  con- 
ditions of  appearance  and  development  of  the  three  main  types — 
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enhanced,  arc,  and  low-temperature  lines — which  make  up  the 
spectrum.  The  scandium  enhanced  lines,  as  regards  degree  of 
excitation  required,  stand  between  the  enhanced  lines  of  titanium 
and  those  of  the  type  of  H  and  K  of  calcium.  For  the  lines  appear- 
ing in  the  arc  spectrum  the  regular  temperature  classification  is 
carried  out.  The  group  of  arc  lines  given  by  the  arc  flame  con- 
sists of  prominent  low-temperature  lines,  but,  since  many  lines 
strong  in  the  furnace  are  relatively  weak  in  all  parts  of  the  arc, 
additional  data  on  this  type  of  line  are  supplied  by  the  furnace 
spectrum. 

The  explanation  advanced  by  Fowler  as  to  the  relative  strength 
of  the  different  t\pes  of  scandium  lines  in  the  solar  and  sun-spot 
spectra  is  fully  confirmed  by  their  varying  response  to  the  furnace 
excitation.  The  strong  low-temperature  lines,  faint  or  lacking 
in  the  disk,  are  distinctly  brought  out  in  the  spot,  and,  especially  in 
the  red,  show  high  sensitiveness  to  the  magnetic  field.  A  com- 
parison of  the  Zeeman  effect  for  scandium  in  the  laboratory  with 
that  shown  in  spot  spectra  and  a  fuller  listing  of  the  scandium  fines 
present  in  the  sun  are  needed  to  give  this  element  its  due  place 
among  those  on  which  solar  studies  are  based. 

Mount  Wilson  Observatory 
May  19  2 1 


MAGNETIC  ROTARY  DISPERSION  IN  TRANS- 
PARENT LIQUIDS 

By  R.  a.  CASTLEMAN,  Jr.,  and  E.  O.  HULBURT 

ABSTRACT 

Magnetic  rotary  dispersion  of  isotropic  transparent  media. — The  electron  theory 
as  given  by  H.  A.  Lorentz  is  extended,  and  a  formula  for  the  rotation  in  a  range  of 
spectrum  in  which  electrons  of  only  a  single  type,  with  critical  frequency  c/Xi,  need 
be  considered,  is  developed: 

d  =  Tr{CJh)  ■  HI -*    ^ ;  where  Ci«i= , 

H  is  field  strength,  /  is  length,  /x  is  refractive  index,  c  is  velocity  of  light,  and  o-  is  a 
constant  which  Lorentz  puts  equal  to  about  \  and  Voigt  puts  equal  to  zero.  To  test 
this  theory,  substances  were  chosen  whose  dispersion  was  known  to  conform  to  the 
theory  of  Lorentz,  and  the  magnetic  rotations  for  carbon  disulphide,  a-monobromna ph- 
thalcnc,  benzene,  nitrobenzene  and  ethyl  iodide  for  six  wave-lengths  from  436  to  620  nn 
were  determined  with  a  cell  2  cm  long  in  a  field  of  6480  gauss.  The  angles  could  be 
measured  to  j\°  and  were  found  to  vary  from  4°  to  28°,  increasing  rapidly  for  each 
liquid  with  decreasing  wa\e-length.  Theoretical  curves  were  computed,  taking  the 
values  of  Ci,  Xi  and  fj.  from  measurements  by  others.  Below  590  jupt  the  experimental 
curves  lie  below  the  theoretical  curves,  the  divergence  increasing  as  the  wave-length 
diminishes  until  the  difference  at  423  nfi  is  from  4  to  20  per  cent.  It  is  suggested 
that  this  discrepancy  is  due  to  the  absorption  of  the  violet  end  of  the  spectrum  which 
was  neglected  in  the  theory.  The  results  do  not  decide  between  the  values  o  and  5  for 
a.  The  values  of  e/m  for  the  active  electrons  may  be  computed  from  h^  and  vary  from 
0.5  to  1 .78X107  e.m.u.  according  to  the  liquid  and  to  the  value  of  a  assumed. 

I.  Introductory.— In  1845  Faraday  discovered  that  isotropic 
substances  when  placed  in  a  strong  longitudinal  magnetic  field 
rotate  the  plane  of  polarization  of  plane-polarized  light.  The 
obvious  explanation  of  this,  confirmed  later  by  Brace,  was  the 
same  as  that  offered  by  Fresnel  for  the  rotation  observed  in  certain 
crystals,  viz.,  to  consider  the  plane-polarized  beam  to  be  com- 
posed of  two  circularly  polarized  components  which  travel  through 
the  medium  with  different  velocities,  one  greater  and  the  other 
less  than  the  velocity  of  the  beam  in  the  medium  when  unmag- 
netized.  The  variation  of  the  angle  of  magnetic  rotation  with 
the  wave-length  of  the  light  has  been  considered  theoretically  by 
several  writers,  and  the  theoretical  relations  have  been  applied  to 
the  experimental  data  available.  Such  data  appear,  however,  to 
be  rather  meager,  and  it  seemed  desirable  to  pursue  the  subject 
afresh  both  theoretically  and  experimentally. 
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We  do  not  presume  to  attempt  a  historical  summary  of  the 
researches  on  the  many  aspects  of  this  subject.  For  a  summary  of 
the  earlier  work  we  make  reference  to  an  article  by  P.  Joubin.^ 
Among  the  more  important  theoretical  formulae  for  the  magnetic- 
rotation  angle  in  terms  of  the  wave-length,  magnetic  field,  etc. 
were  those  obtained  by  Joubin,  Voigt,^  and  Drude.^  For  a  sum- 
mary of  the  experimental  measurements  of  the  magnetic-rotation 
angles  we  turn  to  the  Landoldt-Bornstein  Physical  Tables.  There 
the  data  have  been  tabulated  in  many  cases  as  the  Verdet  Constant, 
which  is  defined  to  be  the  angle  of  rotation  of  plane-polarized 
Hght  of  specified  wave-length  produced  by  a  medium  i  cm  in 
length  when  magnetized  by  a  longitudinal  magnetic  field  of  strength 
I  gauss.  These  measurements  were  apphed  by  Joubin  and  Drude 
to  a  dispersion  theory  of  isotropic  media,  although  for  such  a  pur- 
pose the  experimental  data  were  hardly  sufficiently  numerous.  With 
the  exception  of  a  few  transparent  liquids  and  solids  the  Verdet 
Constant  was  found  either  for  unresolved  light  or  for  a  single  wave- 
length of  monochromatic  light.  In  the  cases  of  those  substances 
whose  Verdet  constant  has  been  determined  for  a  number  of  wave- 
lengths throughout  the  spectrum,  one  could  introduce  the  values 
into  a  suitable  dispersion  formula  to  test  a  .dispersion  theory. 
Unfortunately,  however,  the  refractive  indices  of  most  of  these 
substances  do  not  conform  to  any  of  the  simpler  dispersion  for- 
mulae whose  constants  have  a  physical  interpretation,  and  so  these 
data  are,  from  this  standpoint,  uninteresting. 

In  the  present  work  transparent  liquids  were  chosen  whose 
dispersion  conformed  approximately  to  the  electronic  dispersion 
theory  of  H.  A.  Lorentz.^  The  angles  of  magnetic  rotation  of 
plane-polarized  light  for  a  series  of  wave-lengths  of  light  in  the 
visible  spectrum  were  measured.  A  formula  of  Lorentz  giving 
the  relation  between  the  refractive  index  and  the  strength  of  the 
magnetic  field  was  modified  to  express  the  magnetic-rotation  angle 
in  terms  of  the  wave-length,  the  field  strength,  and  other  quantities. 
The  formula  was  found  to  agree  approximately  with  experiment  in 

'  TIteses,  Faculte  des  Sciences,  Paris,  iSSS. 

'  Magneto-  imd  Elektrooptik,  igoS. 

3  Lchr hitch  dcr  Optik,  1906.  *  Theory  of  Electrons,  1909. 
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those  regions  of  the  spectrum  wherein  the  assumptions  upon  which 
it  was  based  were  vaKd. 

2.  Theoretical. — Suppose  plane-polarized  light  of  wave-length 
X  in  vacuo  traverses  a  length  /  of  a  medium  of  refractive  index  fx 
for  the  wave-length  in  question  with  a  velocity  v.  If  the  medium 
is  placed  in  a  magnetic  field  of  strength  H,  such  that  the  hnes  of 
magnetic  force  are  parallel  to  the  direction  of  propagation  of  the 
light,  the  medium  becomes  doubly  refracting.  The  two  circularly 
polarized  components,  which  compose  the  plane-polarized  beam, 
now  pass  through  the  medium  with  velocities  Vi  and  V2,  and  the 
medium  has  the  corresponding  refractive  indices  fx,,  and  m^, 
respectively. 

Eddy,  Morley,  and  Miller,^  followed  by  Mills,^  have  shown  by 
an  interferometer  method  that 

(i) 

or 

T  T  /» 

(2) 

This  was  determined  by  measurements  on  carbon  disulphide.  The 
accuracy  of  the  work  was  none  too  great,  because  the  experiment 
was  a  dif&cult  one;  but,  within  the  error  of  observation,  the  fore- 
going relation  was  true.  It  may  be  noticed  that  from  general  con- 
siderations one  would  not  expect  (i)  to  be  exactly  true,  and  further 
that  one  would  expect  the  difference  between  (i)  and  the  exact 
truth  to  be  small.  However,  we  now  assume  that  (i)  is  true  for 
all  the  substances  and  throughout  the  wave-length  range  used  in 
this  investigation. 

Let  6  be  the  observed  angle  in  radians  of  the  rotation  of  the 
plane  of  polarization  produced  by  the  magnetized  medium.     It  is 

easily  shown^  that 

\d 
M-Mx=-^,  (3) 

where  X  is  the  wave-length  of  the  light  in  vacuo. 

'  Physical  Review,  7,  283,  1898. 

''Ibid.,  18,  65,  1904.  3  Drude,  loc.  ciL,  p.  396. 


Vi-\-V2 
2 

=  V, 

Ml     M2 

_2 
M* 

48 


R.  A.  CASTLEMAN,  JR.,  AND  E.  O.  HULBURT 


Solving  (2)  and  (3)  for  /Xi  and  1x2,  and  considering  -y  small 
compared  with  /x,  we  obtain 


Hi  =  ii- 


A'2=/x+ 


27rl '  J 


(4) 


Let  us  turn  to  a  consideration  of  the  dispersion  theory  in  this 
connection.  We  restrict  the  discussion  to  isotropic,  transparent 
media  in  which  the  temperature  remains  constant.  We  use  the 
electron  theory  of  dispersion  as  given  by  H.  \.  Lorentz  {loc.  cit.). 
Let  ^  and  Ex  be  the  X  components  of  the  displacement  of  the 
electron  from  its  equilibrium  position  and  the  electric  force, 
respectively.  77,  s",  Ey  and  E,  are  the  Y  and  Z  components  of  these 
quantities;  they  are  all  expressed  in  c.g.s.  electromagnetic  units. 
The  components  of  the  "restoring  force"  with  which  the  medium 
acts  upon  the  electron  are  /^,  fr],  and  /^.  The  charge  on  the 
electron  in  c.g.s.  electromagnetic  units  is  e,  its  mass  is  m.  N  is  the 
number  of  such  electrons  per  unit  volume,  o-  is  a  constant  which 
Lorentz  has  shown  to  be  approximately  one-third  for  isotropic 
media.  The  external  magnetic  field  is  denoted  by  H  in  c.g.s. 
electromagnetic  units.  We  shall  suppose  H  to  have  the  direction 
of  the  axis  of  Z,  which  is  also  the  direction  of  the  propagation  of 
the  light.  The  magnetic  permeability  of  the  medium  is  taken  as 
unity. 

We  find  for  the  equations  of  motion  of  the  dispersion  electron 
of  a  single  type 


m^  =  e{Ey-\-  4irc^(rXer])  -fy  -  eH^ 


(S) 


Let  e  be  the  base  of  natural  logarithms,  and  let  all  dependent 
variables  of  (5)  contain  the  time  only  in  the  factor  e  ^    where  - 
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is  the  frequency,  X  the  wave-length  of  the  vibration  in  vacuo,  and 
c  the  velocity  of*  light  in  vacuo.  The  solution  of  (5)  gives  the 
refractive  index  /x  as  determined  by  the  relation 

^'  (6) 


,1         I      1     H, 


where 


Nsel 
Tins  ' 

2TCms 


Q 

The  subscript  5  is  used  to  denote  the  sth.  type  of  electron.     —  is 

Xi 

the  frequency  of  the  natural  undamped  vibration  of  this  electron. 
When  the  plus  sign  in  equation  (6)  is  used,  ix  is  the  tx^  of  (4),  and 
when  the  minus  sign  is  used  /x  is  the  ixi  of  (4). 

Equation  (6)  describes  jx  in  terms  of  the  constants  of  a  single 
type  of  dispersion  electron.  There  may  be  other  types  of  disper- 
sion electrons  in  the  medium  with  constants  peculiar  to  the  t>-pe, 
so  that  in  the  more  general  case  the  right-hand  member  of  (6) 
becomes  a  summation  of  similar  terms,  one  term  for  each  type. 
For  this  case  the  complete  dispersion  formula  is 


•=27 


c 

(7) 


1     H' 

(T-\ r ^^^hs 

fx'-l  \l      \'      X    ' 

We  assume  we  are  dealing  with  a  region  of  the  spectrum  in 
which  the  change  of  the  refractive  index  with  wave-length  is 
determined  by  the  electrons  of  a  single  type,  so  that  in  the  sum- 
mation of  (7)  all  the  terms  except  one  may  be  replaced  by  a  quantity 
qi  which  is  independent  of  X  and  H.     Then  (7)  becomes 

■  ^'  (8) 


I      I     H, 


fi'-i  \\    \'     X 
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where 


^i —        > 

Tvm 

2Tr  cm 


(9) 


A  special  case  occurs  when  H  is  zero.     For  this  (8)  becomes 
equivalent  to  the  well-known  dispersion  formula  of  Lorentz : 

^  =  9i+- — -.  (lo) 


I      I 


Introducing  (4)  into  (8)  gives: 


•=9.+7-f^.  (II) 


\ey  K   x^    X 


"^i^ji-' 


It  was  expedient  to  transform  this  relation  to  one  more    amen- 
able to  arithmetical  computation.     This  was  readily  done  because 

— :  and  -—hi  were  smaller  than  the  other   quantities   appearing 
2'kI  X 

with  them  in  the  denominators  by  a  different  order  of  magnitude. 
Equation  (11)  becomes  to  a  close  approximation 

e=^CAm ^ -^~^^.  (12) 

6  is  in  radians. 

We  notice  that  if  we  use  either  the  two  plus  signs  of  (11)  or 
the  two  minus  signs,  we  arrive  at  the  same  equation  for  (12). 
This  shows  that  equation  (8)  is  in  close  agreement  with  (4),  We 
notice  also  that,  other  quantities  remaining  constant,  6  is  propor- 
tional to  I  and  H  in  turn.  This  agrees  with  the  experimental 
measurements  of  Rodger  and  Watson'  and  Dubois.^ 

'  Phil.  Trans.  Roy.  Soc,  A  186,  621, 1896.     This  paper  contains  further  references. 
*  Wied.  Ann.,  35,  137,  1888. 
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If  <r  is  given  the  value  \,  equation  (12)  becomes 

0  =  -CAHl^^^^^,^^.  (13) 

When  a  is  placed  equal  to  o,  equation  (12)  becomes 

-     TrCAHl     \t\^  (    V 

^ /x       (V-X?)^-  ^'^^ 

Formula  (14)  agrees  with  one  given  by  Voigt'  when  his  quantities 
are  expressed  in  c.g.s.  electromagnetic  units. 

To  compare  the  experimental  measurements  with  the  theory 
the  following  procedure  was  used.  Values  of  the  refractive  index 
of  the  Hquid  under  investigation  for  wave-lengths  in  the  visible 
spectrum  were  taken  from  data  published  by  others.  Three 
values  of  /x  and  the  corresponding  three  values  of  X  were  sub- 
stituted in  equation  (10),  and  the  three  constants  ^i,  Ci,  and  Xi 
were  computed.  Using  these  three  constants,  a  fourth  value  of  X 
was  substituted  in  (10)  and  the  value  of  \x  calculated.  If  this 
value  of  II  agreed  approximately  with  the  observed  value,  the  sub- 
stance was  considered  to  conform  to  the  Lorentz  dispersion  equation 
(10)  for  the  region  of  the  spectrum  in  question.  The  values  of  Q 
for  a  number  of  wave-lengths  in  the  visible  spectrum  were  meas- 
ured for  a  known  length  I  of  the  liquid  subjected  to  a  known 
magnetic  field  U.  The  constant  h^  was  then  determined  by 
substituting  in  equation  (13)  the  values  of  B.,  I,  Ci,  Xi,  and  the 
values  of  X,  6,  and  ^i  for  a  specified  wave-length.  6  was  then 
computed  by  means  of  (13)  for  the  other  wave-lengths,  and  the  com- 
puted value  was  compared  with  the  observed  value. 

3.  Experimental  arrangements. — The  arrangement  of  the  appa- 
ratus is  shown  in  plan  in  Figure  i.  A  gas-filled  lamp  with  a  spiral 
tungsten  filament  and  a  mercury-vapor  lamp  served  as  sources  of 
light.  The  mercury-vapor  lamp  was  used  for  observations  at 
wave-lengths  435.9  MM  and  546.  i  mm;  the  tungsten  lamp  was  used 
for  observations  from  the  green  to  the  red  end  of  the  spectrum. 

'  Log.  cit.,  p.  130. 
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The  source  of  light,  shown  by  A,  Figure  i,  was  focused  on  the 
sHt  Si  of  the  spectrograph  by  a  lens  h,  3  cm  in  diameter  and  of 
focal  length  22  cm. 

The  spectrograph  consisted  of  the  Littrow  mounting  of  a  plane 
grating.  The  grating  had  a  ruled  area  6  cm  by  7.5  cm  and  was 
ruled  15,000  lines  to  the  inch.  The  cone  of  light  from  slit  Si  was 
reflected  by  a  right-angle  glass  prism  through  the  large  lens  h, 
10  cm  in  diameter  and  with  a  focal  length  of  75  cm.  The  spectrum 
was  brought  to  a  focus  at  sUt  ^2.  The  grating  was  mounted  on  a 
turntable  which  could  be  rotated  from  the  outside  of  the  case 
containing  the  spectrograph,  so  that  various  wave-lengths  of  light 
could  be  made  to  pass  through  the  second  slit.  The  grating 
possessed  a  bright  first  order,  and  this  first-order  spectrum  was 
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Fig.  1 


used  throughout  the  present  work.  The  dispersion  was  such  that 
with  slit  S2  0.25  mm  wide  a  beam  of  light  containing  a  wave- 
length range  of  5  A,  or  0.5  h/jl,  passed  through.  Both  slit  Si  and 
slit  S2  were  always  o.  25  mm  in  width. 

The  monochromatic  beam  of  light  emerging  from  slit  ^2,  after 
being  rendered  parallel  by  a  lens  l^,  2.5  cm  in  diameter  and  of 
focal  length  12.5  cm,  passed  through  the  polarizing  nicol  «i  and 
through  the  pierced  pole  pieces  of  a  Ruhmkorff  magnet  between 
which  the  cell  C  containing  the  liquid  under  investigation  was 
placed.  The  light  then  traversed  the  analyzing  nicol  prism  «2 
and  finally  entered  the  telescope  T.  The  lenses  /i,  l^,  and  ^3  were 
achromatic  doublets. 

The  cell  which  contained  the  liquid  was  made  of  glass.  A 
short  length,  about  2  cm,  of  glass  tubing  of  internal  diameter  i  cm, 
to  which  had  been  sealed  a  small  side  tube,  was  ground  until  the 
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ends  were  plane-parallel  to  within  0.003  cm.  Glass  plates  with 
optically  plane  surfaces  were  cemented  to  this.  Rubber  cement,  a 
mixture  of  lead  oxide  and  glycerine,  and  LePage's  liquid  glue,  were 
found  useful  as  cements  in  various  cases.  The  cell  was  filled 
through  the  side  tube.  The  length  of  the  column  of  liquid  was 
found  by  subtracting  the  thickness  of  the  end  plates  from  the 
external  length  of  the  cell.  The  liquids  used  were  obtained  from 
the  Chemical  Laboratory  and  were  of  a  high  degree  of  purity. 

The  pole  pieces  of  the  Ruhmkorff  magnet  were  elliptical  in 
shape  to  give  a  uniform  magnetic  field;  they  were  adjusted  to  be 
2 . 5  cm  apart.  To  calibrate  the  magnet,  the  angle  of  rotation  6 
for  sodium  light  was  observed  for  a  known  length  of  carbon  disul- 
phide  for  a  current  of  26.0  amperes  through  the  magnet.  From 
6  and  from  the  value  of  the  Verdet  constant  of  carbon  disulphide 
for  sodium  light,  which  has  been  carefully  determined  by  Rodger 
and  Watson  {loc.  cit.),  the  average  strength  of  the  magnetic  field 
between  the  pole  pieces  was  calculated,  and  was  found  to  be 
6480  gauss.  This  field  strength  was  used  for  all  the  rotation 
measurements  of  this  paper.  It  was  found  by  tests  that  the  rota- 
tion angle  6  had  the  same  absolute  value  for  the  magnetic  field 
direct  and  reversed.  This  indicated  that  hysteresis  effects  in  the 
magnet  were  negligible. 

The  mounting  of  the  analyzing  nicol  carried  a  circular  scale 
which  measured  the  rotation  angles  to  one-tenth  of  a  degree  of  arc. 
It  was  found  that  the  analyzer  could  be  set  for  extinction  for  all 
the  wave-lengths  with  a  precision  of  two-tenths  of  a  degree.  The 
values  of  the  rotation  angle  were  in  all  cases  the  means  of  at  least 
four  measurements,  two  taken  with  the  field  direct  and  two  with 
the  field  reversed.  It  was  considered  that  the  mean  angle  was 
correct  to  one-tenth  of  a  degree  of  arc. 

4.  Errors  and  corrections. — No  correction  was  made  for  the 
error  due  to  scattered  light.  There  were  two  ways  in  which 
scattered  light  might  introduce  systematic  error  into  the  rotation 
measurement,  the  first  arising  from  light  scattered  by  the  grating, 
and  the  second  from  multiple  reflections  by  the  surfaces  at  the 
ends  of  the  cell  which  held  the  liquid.  To  determine  the  effect  of 
the  hght  scattered  by  the  grating,  the  beam  issuing  from  slit  s.  was 
examined  with  a  transmission  grating.     When  the  tungsten  lamp 
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was  used  as  the  source  of  light,  it  was  found  that  the  beam  con- 
tained Hght  of  foreign  wave-lengths  of  rather  feeble  intensity;  in 
the  case  of  the  mercury  lamp  this  foreign  light  appeared  still 
weaker.  Upon  looking  into  the  telescope  and  setting  the  analyzer 
for  extinction  it  was  found  that  the  image  of  slit  Sj  did  not  fade 
out  against  an  absolutely  black  background.  Very  faint  light  was 
seen  in  the  field,  due  no  doubt  to  the  light  scattered  by  the  grat- 
ing and  to  imperfections  throughout  the  optical  system.  The 
settings  for  extinction  could,  however,  be  made  with  precision, 
and  it  was  deemed  that  the  extraneous  light  introduced  no  appreci- 
able systematic  errors.  Any  error  due  to  multiple  reflections  from 
the  surfaces  of  the  ends  of  the  glass  cell  was  avoided  by  rotating 
the  cell  slightly  until  these  surfaces  were  not  perpendicular  to  the 
beam  of  light.  The  error  which  this  caused  in  the  determination 
of  I  was  negligible. 

TABLE  I 
X  e 

436  MM  1.7° 

503  1-3 

546  0.9 

579  0.85 

589  0.8s 

620  0.8 

It  had  been  feared  that  errors  due  to  temperature  would  be 
troublesome,  but  it  was  found  that  these  fears  were  needless.  To 
carry  out  a  complete  series  of  measurements  of  the  rotation  angle 
for  five  wave-lengths  in  the  visible  spectrum  required  about  an 
hour.  During  this  time  the  magnet  heated  up,  and  the  tempera- 
ture of  the  liquid  in  the  cell  increased.  The  increase  was  never 
more  than  3°  C.  In  the  case  of  carbon  disulphide  the  temperature 
coefficient  of  the  Verdet  constant  for  sodium  light  has  been  deter- 
mined.^ A  three-degree  change  in  temperature  changed  the  Verdet 
constant  by  about  0.5  per  cent.  In  the  present  case  it  was 
considered  that  errors  due  to  temperature  changes  were  for  the 
most  part  less  than  0.5  per  cent,  and  that  it  was  unnecessary  to 
arrange  a  more  accurate  control  of  the  temperature  of  the  liquid 
in  the  cell. 

'  Rodger  and  Watson,  loc.  cil. 
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The  rotation  angle  6  due  to  the  liquid  alone  was  obtained  from 
the  observed  rotation  angle  produced  by  the  liquid  in  the  cell  by- 
subtracting  from  this  observed  angle  the  angle  of  rotation  pro- 
duced by  the  empty  cell  for  the  wave-length  in  question.  Table  I 
shows  d  for  the  two  glass  plates  on  the  ends  of  the  cell.  The 
thickness  of  the  two  plates  together  was  0.315  cm,  the  field  strength 
was  6480  gauss.  The  magnetic-rotation  angles  plotted  in  the 
figure  have  in  all  cases  been  corrected  for  the  effect  of  the  glass 
ends  of  the  cell. 

5.  Carbon  disulphide. — ^The  data  for  this  substance  and  the 
results  of  the  calculations  are  given  in  Table  II  and  Figure  2.  We 
shall  discuss  these  in  some  detail,  and  shall  avoid  a  repetition  of 
the  discussion  for  the  other  substances.  The  observed  values  of 
6,  shown  by  circles  in  Figure  2,  have  been  plotted  as  ordinates 
against  wave-lengths  as  abscissae;  a  smooth  line,  curve  i,  has 
been  drawn  through  them.  The  strength  of  the  magnetic  field, 
the  length  of  the  layer  of  liquid,  and  the  temperature  at  the  begin- 
ning and  the  end  of  the  experiment  are  shown  in  the  first  two  lines 
of  Table  II. 

Verdet'  has  recorded  relative  values  of  d  for  carbon  disulphide 
for  a  number  of  wave-lengths  in  the  visible  spectrum.  The  mag- 
netic field  used  was  not  mentioned.  For  the  sake  of  comparison 
the  values  given  by  Verdet  have  been  reduced  to  agree  with 
curve  I  for  X  589.3)11^1  and  are  shown  by  crosses  in  Figure  2. 
Joubin  {loc.  cit.)  also  carried  out  measurements  on  carbon  disul- 
phide. Neither  the  magnetic  field,  nor  the  length  of  the  liquid, 
nor  the  temperature  were  recorded.  By  a  coincidence  his  value 
for  ^  at  X  589.3  fxfx  was  the  same  as  that  of  curve  i,  namely  10? 3. 
His  values  have  been  plotted  as  dots  in  Figure  2.  We  think  that 
the  measurements  of  curve  i  were  correct,  for  they  were  repeated 
with  precision  a  few  weeks  later. 

In  order  to  introduce  these  experimental  results  into  the  dis- 
persion formula  (10)  we  assume  that  the  absorption  of  carbon 
disulphide  is  inappreciable  for  the  visible  wave-lengths  in  question. 
Such  an  assumption  is  manifestly  not  accurate,  because  this  sub- 
stance absorbs  the  blue  end  of  the  spectrum  to  a  certain  extent. 

'  Verdet,  Ociivres  completes. 
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We  take  the  values  of  the  refractive  index  found  at  2o?o  C.  by 
Flatow.     These  and  the  corresponding  wave-lengths  are  shown  in 

the  third  and  fourth  Hues  of  Table  11. 
Substituting  these  values  into  for- 
mula (lo),  the  values  of  the  constants 
Ci,  qi,  Xi  were  computed  and  are 
tabulated  in  the  fifth  Hne  of  Table  II. 
The  agreement  between  (lo)  and  ob- 
servations was  tested  by  using  the 
foregoing  values  of  the  constants  and 
computing  ix  for  X  394  /x/i  to  be  i .  7043. 
The  observed  value  was  1.70226,  and 


20" 


Itf 


Carbon  disulphide 


MZO 


500/Ayu 


600 


Fig.  2 

TABLE  II 

Carbon  Bisulphide 


£r  =  648o  gauss  /=  2. 272  cm 

Temp.  2i?2  to  22?o  C. 

X441.6/XA'  508 -6  589-3 

jtii.67180  1.64586  1.62806  at  2o?o  C. 

Observed  by  Flatow,  Ann.  d.  Phys.,  12,  85,  1903. 

Ci=  10.381X10*  r7i  =  o. 57272  Xi=204.2/iju 


X  394  MM 


observed  ix=i .  70226 
calculated  m=  i  •  7^43 


/'i  =  3 -95X10-3  forX  589.3  MM 
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the  agreement  was  considered  sufficiently  close.  These  numbers 
are  given  in  lines  7  and  8  of  Table  II.  The  dispersion  of  carbon 
disulphide  and  a-monobromnapthalene  has  been  more  fully  dis- 
cussed in  a  former  paper.' 

The  constant  Jh  was  then  determined  by  substituting  in  equation 
(12)  the  values  of  H,  I,  Ci,  and  Xi  given  in  Table  II,  and  the  values 
of  X,  d,  and  ju  for  the  wave-length  589 . 3  ixji.  This  gave  3  •  95  X  io~^ 
for  hi,  as  shown  in  the  last  line  of  Table  II,  when  all  the  quantities 
were  expressed  in  c.g.s.  and  c.g.s.  electromagnetic  units. 

The  constants  of  (13)  were  now  completely  known,  and  (13) 
was  then  used  to  compute  the  values  of  6  for  the  range  of  the 
spectrum  under  investigation.  The  computed  curve  is  shown  by 
the  dotted  line,  curve  2,  of  Figure  2.  It  is  seen  that  the  agreement 
between  the  observed  and  calculated  values  of  6  was  fairly  close 
for  the  longer  wave-lengths,  but  that  for  the  shorter  wave-lengths 
the  theoretical  value  was  greater  than  the  observed  value,  the 
difference  between  the  two  values  increasing  as  the  wave-length 
decreases.  This  difference  between  theory  and  experiment  may 
be  attributed,  in  part  at  least,  to  the  neglect  of  the  effect  of  absorp- 
tion in  the  theory.  The  discrepancy  was  in  the  right  direction  to 
be  attributed  to  this  effect,  for  the  introduction  into  the  theoretical 
formula  of  terms  denoting  absorption  will  produce  a  decrease  in  the 
computed  values  of  d  for  the  shorter  wave-lengths. 

In  his  treatise  on  optics  Drude^  has  derived  two  theoretical 
expressions  for  the  magnetic  rotatory  dispersion  of  isotropic  media, 
one  based  on  the  "molecular  stream"  hypothesis,  and  the  other  on 
the  "Hall  effect"  hypothesis.  When  written  in  a  form  to  show  the 
connection  between  d  and  X,  neglecting  absorption,  the  two  formulae 
were,  respectively, 


and 


^=i-\^'-^o^^\  ■  ('«) 


'  Aslrophysical  Journal,  46,  i,  191 7. 
^  Loc.  cit.,  p.  406. 
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Gi,  Qi-,  «3,  and  (Z4  were  quantities  which  involved  the  masses,  the 
charges,  and  the  numbers  of  the  "bound"  and  "free''  electrons, 
the  strength  of  the  magnetic  field,  the  length  of  the  medium,  etc. 
The  refractive  index  wave-length  relation  in  this  connection  was 

^=^5+j^i:^3-  (17) 

Drude  appHed  these  equations  to  Verdet's  magnetic-rotation  meas- 
urements on  carbon  disulphide  and  creosote  in  the  following  man- 
ner. Using  the  value  of  Xi  obtained  from  (17)  and  two  known 
values  each  of  6  and  X,  the  remaining  two  constants  of  (15)  or  (16) 
were  determined.  The  ^-X  curve  from  either  formula,  which  thus 
traversed  two  of  the  observed  points,  was  found  to  pass  closely  to 
the  remaining  observed  points.  We  do  not  believe,  however,  that 
the  agreement  found  in  this  way  between  theory  and  experiment 
possesses  great  significance.  One  would  not  expect  a  theory  which 
neglected  absorption  to  portray  the  observations  with  great 
exactness. 

Joubin  {loc.  cit.)  has  also  derived  a  formula  for  the  dispersion 
of  magnetic  rotation  of  somewhat  the  same  t}'pe  as  (15).  He 
apphed  this  to  the  observations  of  rotations  of  carbon  disulphide 
and  creosote,  which  were  measured  for  the  purpose,  in  much  the 
same  manner  as  done  by  Drude. 

6.  a-monohromnaphthalene. — -This  substance  was  investigated 
in  a  manner  similar  to  that  described  in  the  case  of  carbon  disul- 
phide. Table  III  shows  a  portion  of  the  data  and  the  results  of 
the  calculations.  This  table  has  been  cornpiled  exactly  as  was 
Table  II  for  carbon  disulphide,  and  therefore  requires  no  further 
explanation.  The  observed  values  of  6  have  been  plotted  as 
circles  in  Figure  3,  and  a  smooth  line,  curve  i,  has  been  drawn 
through  them.  The  computed  values  of  6  from  equation  (13), 
using  the  constants  of  Table  III,  are  shown  by  the  dotted  line, 
curve  2,  of  Figure  3.  The  differences  between  the  observed  and 
theoretical  values  are  similar  to  those  noted  for  carbon  disulphide. 

7.  Benzene. — The  values  of  6  for  this  substance  were  deter- 
mined throughout  the  visible  spectrum.  These  are  shown  by 
circles  in  Figure  4,  through  which  "a  smooth  line,  curve  i,  has  been 
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passed.     The  Verdet  constant  of  benzene  was  found  by  Jahn'  to 

be  0.0297  minutes  of  arc  for  sodium 
30°L  light.     From  the  data  of  Figure  4  and 

Table  IV  we  obtain  0.0291  minutes 
of  arc  for  the  same  wave-length. 
Jahn's  value  is  not  far  different  from 
this. 

The  computed  values  of  6  from 

equation  (13)  are  shown  by  the  dotted 

line,  curve  2,  of  Figure  4.     It  is  seen 

that  the  differences  between 

the  observed  and  theoreti- 

2O1  \^.  cal  values  are  of  the  same 

character   as    those    of    the 
previous  cases. 


a-Tnonobrormnaphthalene 


H20 


Fig.  3 


600 


TABLE  III 

a-MONOBROMNAPHTHALE>rE 


^'=6480  gauss  /=  2. 272  cm 

Temp.  23?5  to  2o?7  C. 

X  434  /i/z  486  589 

Ai  1.70433  1.68245  1.65876  ati9?4C. 

Observed  by  Briihl,  Ber.  Chem.  Ges.,  22,  388,  1897. 


Cx=  7. 398X108 


gi  =  0.70889 


Xi  =  2is.6/iAt 


X  656  jLtjU 


observed  jU  =  i .  64995 
calculated  ix=i  .6500 


/fi=5.02Xio~5  for  X  589.3  ini 


Wied.  Ami.,  43,  280,  1891. 
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8.  Nitrobenzene. — The  results  of  the  work  on  this  substance  are 
shown  in  Table  V  and  Figure  5.     The  observed  values  of  6  were 

plotted  as  circles  in  Figure  5,  and  a 
smooth  line,  curve  i,  has  been  drawn 
\  through  them.    The  computed  values 

of  6  from  equation   (13)  are  shown 
by  the  dotted  line,  curve  2. 

Discrepancies  of  the  same  char- 
acter exist  between  the  observed  and 
theoretical  values  of  d  as  were  noticed 
in  the  preceding  cases,  but  perhaps 
greater  in  magnitude. 


10° 


6° 


Benzene 


H20 


500/AyU 

Fig.  4 
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TABLE  IV 
Bexzexe 


H  =  6480  gauss 

Temp.  22°g  to  24^6  C. 

/=2.28o  cm 

X  434  MM               486                   589 
M  1.52380             1-51323            1-50111 
Landoldt-Bomstein  Tables. 

at  2o?o  C. 

Ci=  II. 643X10*            91=0.49898 

Xi=  173.8 /i/i 

.    .  ^                      obser\'ed/x=i  .49646 

A  656  fifj. 

calculated  ijl=i  .4964 

//i=  5. 34X10-5  for  X  589.3 

MM 
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9.  Ethyl  iodide. — The  circles  of  Figure  6  show  the  observations 
on  this  substance;  a  smooth  Hne,  curve  i,  has  been  drawn  through 

the  observed  points.  Other  data  are 
given  in  Table  VI.  Perkin'  had  de- 
termined the  Verdet  constant  of 
ethyl  iodide  to  be  0.0296  minutes  of 
arc  for  sodium  light.  From  the  pres- 
ent data  we  find  0.0300  for  this  wave- 
length. The  two  values  are  not 
greatly  at  variance.  The  computed 
values  of  d  from  equation  (12)  are 
shown  by  the   dotted  line,  curve  2, 


10* 


H20 


\2 
\ 


1 


Nitrobenzene 


500/.A/A 

Fig. 
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TABLE  V 

Nitrobenzene 


^"=6480  gauss 

Temp.  2i?4  to  22?6  C. 

1=2  .272  cm 

X  486.2 /ZM           5893              656.3 
/i  1. 57165             T, 55319           1. 54641 
Landoldt  Bornstein  Tables. 

at  2o?o  C. 

Ci  =  6. 066X10*            91=0.62924' 

Xi=2i7.i3/xAt 

-                                observed  /x  =  i .  5895 
A  434  •  I  /^M 

calculated  ii=i . 588S 

/?i  =  2.56Xio-s  for  X  589. 

3  MM 

'  Smithsonian  Physical  Tables,  1920. 
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-    \ 


Figure  6.     It  is  seen  that  the  discrepancies  between  the  observed 

and  theoretical  values  are  similar  to 
those  of  the  preceding  cases. 
^  lo.  Discussion  of  results. — It  has 

\  been  demonstrated  that  the  formula 

(13),  which  has  been  developed  from 
the  electron  theory  of  Lorentz,  served 
to  express  with  a  certain  exactitude 
the  dispersion  of  the  magnetic  rota- 
tion of  certain  Hquids  throughout 
the  visible  spectrum.     For  the  longer 
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TABLE  VI 

Ethyl  Iodide 


E  =  6480  gauss 

Temp.  22^7 

to  24?3  C. 

/ 

=  2 .220  cm 

X  486 . 2  ixfx 
M  1-52356 
Observed  by  Lorentz, 

589-3 
1.51203 
Wied.  Ann., 

656.3 
1-50738 
11,  70,  1880. 

at  20 

^oC. 

Ci  =  i2. 782X10*            (71  =  0.50762 

X. 

=  168 

onn 

X  434 . 1  nn 

observ^ed 
calculated 

M=  I -53437* 
M=i-5336 

fh= 

=  5.90X10-5 

forX  589.3  MM 

*Haagen,  Pogg.  Ann.,  131, 117,  li 
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wave-lengths  ol  the  visible  spectrum  the  agreement  between  theory 
and  experiment  is  quite  close.  For  the  shorter  wave-lengths  dis- 
crepancies occur  which  increase  as  the  wave-length  decreases. 
The  liquids  investigated  above  possess  strong  absorption  in  the 
ultra-violet  and  appreciable  absorption  in  the  blue  end  of  the 
spectrum.  We  may  therefore  reasonably  attribute  the  discrepancy 
between  theory  and  experiment  in  large  part  to  the  neglect  of 
absorption.  If  absorption  is  taken  into  account  in  our  equations, 
Xi  is  increased,  and  in  general  the  modification  which  the  constants 
of  the  equations  undergo  is  such  as  to  bring  the  theoretical  values 
of  6  into  closer  agreement  with  the  observed  ones.  The  absorp- 
tion of  these  substances  for  light  has,  however,  not  been  meas- 
ured accurately,  and  it  seems  unprofitable  at  this  time  to  consider 
its  effect  numerically. 

II.  The  values  of  e/m. — From  the  known  value  of  Jh,  the  ratio 
of  the  charge  to  the  mass  of  the  electron  may  be  calculated  by 

TABLE  VII 

fti  e/m 

Carbon  disulphide 3  .95Xio~s  0.74X107 

a— monobromnaphthalene.  .  .  .    5.02  0.95 

Benzene 5-34  loi 

Nitrobenzene 2  .  .56  o  .49 

Ethyl  iodide 5  .  90  i .  1 2 

means  of  formula  (9).  This  has  been  done  and  the  results  are 
shown  in  Table  VII;  e/m  is  expressed  in  c.g.s.  electromagnetic 
units. 

BecquereP,  Voigt,^  and  Siertsema^  have  derived  formulae  for 
the  dispersion  of  the  magnetic  rotation,  by  means  of  which  e/m 
can  be  found  as  soon  as  the  Verdet  constant  and  the  dispersion 
dfx/d\  of  a  substance  for  the  same  wave-length  X  are  known.  These 
three  formulae  reduce  to  the  same  one,  namely 


(18) 


e 

2C   d 

dfjt, 

m 

X  IH 

d\ 

'  Comptcs  rcndus, 

125, 

679, 

1899. 

2  Wied.  Ann. 

67, 

351, 

1899. 

3  Co  mm. 

3  Comm.  Lab.  Leiden,  No.  82,  1902 
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Using  (i8),  Siertsema  computed  e/m  for  air,  carbon  dioxide,  hydro- 
gen, water,  carbon  disulphide,  and  quartz.  The  numbers  varied 
from  0.75X10^  to  1.77X10^ 

12.  The  effect  of  e  upon  the  calculations. — The  value  of  the 
quantity  <t  has  no  very  critical  effect  upon  the  variation  of  6  with 
wave-length.  The  calculated  curves  of  the  diagrams  have  been 
obtained  by  the  use  of  \  for  a  in  formula. (12),  If  o-  is  put  equal 
to  o  in  (12),  we  arrive  at  Voigt's  formula  (14),  and  if  this  is  used 
to  calculate  the  change  of  6  with  X  we  find  values  of  6  which  are  a 
trifle  less  than  those  obtained  from  (13).  They  are  about  i  per 
cent  less  at  X  434  mMj  but  are  practically  the  same  for  wave-lengths 
greater  than  500  /Xju.  If  a  is  gi\'en  values  greater  than  \,  the  com- 
puted values  of  6  are  found  to  be  somewhat  greater  than  the 
values  given  by  (13),  and  therefore  in  greater  discordance  with  the 
observed  values.  For  example,  in  the  case  of  carbon  disulphide, 
if  o-  =  |,  e  is  25?i  at434)u/i. 

The  values  of  e/m  change  to  some  extent  when  a  is  given 
different  values.  This  is  shown  for  carbon  disulphide  in  Table 
Vm.     We  conclude  that,  as  far  as  the  present  data  are  concerned, 

TABLE  VIII 

<r  e/m 

0  1.7SX107 
\  0-74 

1  0-30 
I  0.25 

it  makes  little  difference  whether  0-  is  o  or  \.  If,  however,  tr  is 
increased  above  |,  the  discrepancies  between  the  theory  and  the 
observations  become  greater. 

In  conclusion  the  authors  take  pleasure  in  expressing  their 
thanks  to  Dr.  J.  S.  Ames  for  valuable  and  constructive  criticism. 

Johns  Hopkins  University 
February  iq2i 


A  STUDY  OF  ARC-CATHODE  SPECTRA 

By  ARTHUR  ST.  C.  DUNSTAN  and  BENJAMIN  A.  WOOTEN 

ABSTRACT 

Arc  spectra;  relative  intensity  of  metallic  lines  at  anode  and  cathode. — -A  series  of 
experiments  were  performed  to  test  various  suggested  explanations  for  the  fact,  amply 
verified  by  the  authors,  that  metalHc  lines  are  always  stronger  at  the  cathode  when 
the  metal  is  introduced  symmetrically.  A  horizontal  arc  inclosed  in  a  furnace  was  fed 
with  metallic  vapor  (Sr,  Ba,  Li,  Cu  or  Pb)  supplied  by  an  alternating  current  arc  5  cm 
below.  Water-cooling  either  electrode  had  no  effect,  and  attempts  to  obtain  separation 
of  the  vapors  electrolytically  or  by  electrostatic  action  failed.  The  spectrum  of 
a  60-cycle  alternating  current  arc  taken  through  a  rotating  sector  synchronized  to 
transmit  light  during  only  half  of  each  cycle,  was  the  same  as  that  of  a  direct  current 
arc.  This  pro\'es  that  the  phenomenon  is  fully  developed  in  1/120  second  and  makes 
it  unlikely  that  it  is  due  to  the  transference  of  the  vapor  from  one  electrode  to  the 
other  either  thermally  or  electrically.  When  small  pellets  of  metallic  salt  were  dropped 
through  the  arc,  the  spectrum  lines  were  fish-shaped  with  the  heads  toward  the  cathode. 
The  evidence  as  a  whole  indicates  that  the  light  is  due  chiefly  to  bombardment  of  the 
metallic  vapor  by  electrons  from  the  cathode. 

Variations  with  atomic  weight. — In  general  the  ratio  of  cathode  to  anode  inten- 
sity was  found  to  decrease  as  the  atomic  weight  increased. 

The  fact  that  in  the  spectra  from  the  anode  of  an  electric  arc 
the  carbon  bands  are  strongest,  while  in  those  from  the  cathode 
the  metallic  lines  are  strongest,  was  first  shown  by  Lockyer's 
discovery  of  the  long  and  short  lines. 

The  subject  has  been  investigated  by  Thomas,'  Miss  Baldwin,^ 
Foley,^  Beckmann,'*  Humphreys,^  Oellers,^  and  Konneman.^ 

In  general  the  explanations  offered  may  be  divided  into  two 
classes,  (i)  thermal,  (2)  electrical.  In  the  first  class  are  included 
such  processes  as  convection,  distillation,  differences  of  temper- 
ature, etc.,  all  of  which  ultimately  depend  upon  heat.  In  the 
second  class  may  be  grouped  electrolysis,  electronic  action  (as 
suggested  by  Humphreys),  and  possibly  a  direct  act"on  of  the 
difference  of  potential  between  the  electrodes  of  the  ionized  gases 
surrounding  the  arc.  An  attempt  has  been  made  to  study  the 
question  under  as  definite,  reproducible  conditions  as  possible, 
and  efforts  have  been  made  to  vary  one  factor  at  a  time. 

'  Comptes  rendus,  119,  728,  1894. 

'  Physical  Review,  3,  370  and  448,  1896.  ^  Jhid.,  5,  129,  1897. 

^  Zeitschrift  fiir  wissenschaflliche  Photographie,  4,  335,  1906. 
^  Astrophysical  Journal,  27,  200,  1908. 

^  Zeitschriftfiir  wissenschaflliche  Photographie,  10,  374-392,  191 2. 
''Ibid.,  12,  65-76  and  123-124,  1913-1914. 
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In  order  to  avoid  the  influence  of  convection  currents  in  the 
air  surrounding  the  arc,  a  horizontal  arc  inclosed  in  a  refractory 
vessel  was  used,  and  in  order  to  be  independent  of  the  fortuitous 
distribution  of  substances  occurring  as  impurities  in  the  carbons, 
elements  were  used  which  either  did  not  occur  as  impurities,  or 
occurred  in  the  carbons  in  such  small  quantities  that  their  spectral 
lines  did  not  appear  with  the  exposures  given.  It  was  found  that 
Sr,  Ba,  Li,  Cu,  and  Pb  either  did  not  occur  in  the  carbons  used,  or 
occurred  in  very  small  quantities,  and  hence  these  elements  were 
most  often  used,  though  for  the  sake  of  comparison  others  were 
occasionally  employed.  Strontium  was  the  element  generally 
used,  in  the  form  of  sulphate. 

The  arc  was  surrounded  by  a  nearly  homogeneous  atmosphere 
of  the  vapor  of  the  metal,  this  vapor  being  supplied  by  another 
arc.  The  arrangement  used  is  shown  in  the  accompanying  figure. 
The  lower  carbons,  forming  what  may  be  called 
the  vaporizing  arc,  were  bored  out  and  packed 
with  a  salt  of  the  metal  studied.  This  arc  vapor- 
ized the  metal  which  djft'used  through  the  fur- 
nace. The  temperature  of  the  furnace  was 
sufficiently  high  to  prevent  any  considerable 
condensation  of  the  metalHc  vapor  on  its  walls 
or  upon  the  upper  carbons.  In  order  to  avoid 
any  difference  in  temperature  at  the  poles  of  the 
vaporizing  arc,  or  different  electrical  condition  in  the  vapor  rising 
from  it,  alternating  currents  of  from  15  to  30  amperes  were  used. 
The  vertical  planes  passing  through  each  pair  of  carbons  were  at 
right  angles  to  each  other.  The  holes  through  which  the  carbons 
pass  were  packed  with  asbestos  wicking. 

The  upper  carbons,  which  were  situated  approximately  5  cm 
above  the  vaporizing  arc,  were  supplied  with  direct  current  of 
from  20  to  60  amperes.  The  light  from  the  upper  arc  passed  out 
through  an  elliptical  hole  in  the  wall  of  the  furnace.  The  image 
of  the  arc  was  cast  on  the  slit  of  the  spectrograph  by  a  quartz  lens, 
the  image  being  linearly  magnified  approximately  six  times.  After 
the  furnace  reached  a  high  temperature  its  operation  was  very 
regular  and  free  from  trouble.     However,  when  steam  was  admitted 
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to  the  furnace  the  carbons  were  used  up  rapidly  and  constant 
attention  was  necessary. 

Most  of  the  plates  were  taken  on  a  concave -grating  spectro- 
graph of  2  m  radius,  Rowland  mounting,  though  some  were  obtained 
with  a  small  spectrograph  using  either  two  prisms  or  a  flat  grating. 
On  account  of  the  astigmatism  of  the  concave  grating  it  was  neces- 
sary to  give  two  exposures  to  get  photographs  of  spectra  from 
two  different  portions  of  the  arc.  In  order  to  eliminate  any  line- 
arly progressive  change  in  the  arc  during  the  time  of  exposure, 
one  half  the  time  of  the  first  exposure  was  given,  then  all  of  the 
second,  then  the  last  half  of  the  first,  the  camera  shutter  being 
turned  between  exposures;  the  arc  itself  and  not  the  projection 
lens  being  shifted  to  bring  the  desired  portion  of  the  image  on  the 
slit  at  each  exposure.  That  this  process  was  successful  was  proved 
by  photographing  the  same  portion  of  the  arc  during  the  two 
exposures  and  by  photographing  the  spectrum  of  an  alternating- 
current  arc  near  each  electrode.  The  plates  obtained  were  in 
both  cases  identical.  With  the  magnification  used,  the  breadth 
of  the  narrowest  part  of  the  image  was  considerably  greate  than 
the  length  of  the  slit  of  the  spectrograph ;  hence  the  small  unavoid- 
able wandering  of  the  arc  had  little  or  no  influence.  To  decrease 
this  wandering,  cored  carbons  were  generally  used. 

When  the  small  prism  spectrograph  was  used,  it  was  turned 
over  until  the  slit  was  horizontal,  thus  lying  along  the  axis  of  the 
image  of  the  arc.  The  size  of  the  image  was  adjusted  until  its 
total  length  was  smaller  than  the  length  of  the  sHt,  so  that  not 
only  light  from  the  arc  stream  but  that  from  the  tips  of  the  elec- 
trodes entered  the  collimator.  Thus  the  entire  arc  inclusive  of 
the  electrodes  could  be  seen  at  one  time. 

In  most  of  the  work  with  the  concave  grating,  spectra  of  the 
first  order  were  used.  In  the  blue  and  violet  regions  exposures 
of  six  minutes  were  sufficient,  but  in  the  red  region,  X  6000  to  X  7000, 
exposures  of  fifteen  to  thirty  minutes  on  Eastman  Panchromatic 
films  were  necessary. 

RESULTS 

Relative  intensities  of  lines  at  anode  and  cathode. — On  the  several 
hundred  plates  secured  there  is  not  a  single  instance  in  which  a 
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metallic  line  is  stronger  at  the  anode  than  at  the  cathode,  provided  that 
the  metal  used  is  not  an  impurity  in  the  carbons;  and  even  when  the 
metal  is  found  as  an  impurity,  usually  its  cathode  lines  are  stronger 
than  those  at  the  anode. 

If  instead  of  surrounding  the  arc  with  a  uniform  atmosphere 
of  metallic  vapor,  as  is  done  here,  the  metal  is  introduced  into  the 
arc  by  loading  the  carbons,  or  by  saturating  them  with  solutions 
of  the  metallic  salts,  it  is  possible  to  have  the  lines  strongest  at 
either  pole,  depending  upon  which  carbon  has  the  greater  supply 
of  the  element.  In  such  cases  it  is  probable  that  the  vapor-density 
or  the  thickness  of  the  vapor  is  greater  near  the  more  heavily 
loaded  carbon.  Several  investigators  have  reported  finding  that 
certain  metallic  lines  were  stronger  at  the  anode  than  at  the  cathode. 
So  far  as  the  writers  are  aware,  in  all  such  cases  the  metals  were 
introduced  by  loading  the  carbons,  by  saturating  them  with  solu- 
tions of  the  salts  of  the  metals,  or  by  depending  upon  the  occurrence 
of  the  metal  as  impurities  in  the  carbons.  It  may  be  that  the 
difi'erence  between  the  results  obtained  by  these  investigators  and 
that  obtained  in  the  present  work  is  due  to  the  fact  that  in  the 
work  of  these  investigators  there  may  have  been  differences  in 
the  amount  of  the  metals  in  the  two  electrodes. 

As  bearing  upon  this  point,  the  following  may  be  of  interest. 
Using  rods  of  wrought  iron  12.5  mm  in  diameter  for  the  upper 
electrodes  and  carbons  loaded  with  SrS04  for  the  vaporizing  arc, 
the  plates  show  the  iron  lines  of  equal  intensity  at  the  anode  and 
cathode,  while  the  strontium  lines  were  stronger  at  the  cathode 
than  at  the  anode. 

The  fact  that  the  anode  is  hotter  than  the  cathode  has  led 
several  investigators  to  ascribe  the  stronger  cathode  lines  to  a 
process  of  distillation  from  the  anode  to  the  cathode  with  conse- 
quently greater  vapor-density  at  the  cathode.  In  order  to  inves- 
tigate this  matter,  one  of  the  upper  carbons  in  the  furnace  was 
replaced  by  a  water-cooled  brass  electrode.  If  there  is  a  process 
of  distillation  in  the  arc  whereby  the  vapors  distil  over  from  the 
hotter  anode  to  the  relatively  cooler  cathode,  thus  increasing  the 
vapor-density  in  the  vicinity  of  the  latter,  it  ought  to  be  possible 
to  reverse  the  direction  of  the  process  by  using  an  anode  cooler 
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than  the  cathode.  When  the  water-cooled  electrode  above  men- 
tioned is  used  as  anode,  the  lines  of  the  metals  forming  the  vapor 
are  as  before,  stronger  at  the  cathode.  In  fact,  the  phenomenon 
is  not  interfered  with  in  the  least.  Near  the  anode,  however,  the 
lines  of  the  Cu  and  Zn  of  the  electrode  are  stronger  than  they  are 
at  the  cathode,  though  showing  at  both  poles. 

In  order  to  determine  whether  or  not  the  gas  of  the  arc  stream 
is  cooler  at  the  anode  than  at  the  cathode,  two  small  thermopiles 
of  the  Rubens  pattern  were  arranged  so  that  they  could  be  shd 
along  a  rail  and  either  one  could  be  placed  at  any  desired  point 
in  the  image  of  the  arc.  They  were  connected  in  opposition  to 
each  other  and  to  a  heavily  damped  galvanometer.  The  sensi- 
tiveness of  the  arrangement  was  tested  by  placing  one  thermopile 
near  the  image  of  the  cathode  while  the  other  was  moved  to  any 
desired  portion  of  the  arc.  The  difference  of  radiation  from  the 
different  sheaths  of  the  arc  was  easily  shown. 

The  thermopiles  showed  plainly  that  with  carbon  electrodes 
the  gas  in  the  vicinity  of  the  anode  was  hotter  than  that  near 
the  cathode.  With  the  water-cooled  electrode,  however,  the 
thermopile  showed  definitely  and  clearly  that  no  matter  whether 
this  electrode  formed  the  anode  or  cathode  of  the  arc,  the  gas  in  its 
vicinity  was  cooler  than  the  gas  surrounding  the  carbon  electrode. 

Carbons  bored  out  axially,  the  inner  end  of  the  boring  not 
quite  coming  to  the  inner  end  of  the  carbon,  and  having  the  other 
end  connected  to  the  water  supply,  were  also  employed.  The 
results  were  the  same  as  with  the  brass  tube. 

The  fact  that  the  water-cooled  electrode  always  lowers  the 
temperature  of  the  arc  stream  in  its  vicinity  below  that  prevailing 
at  the  other  electrode,  taken  in  connection  with  the  fact  stated 
above  that  this  electrode  when  used  as  an  anode  does  not  affect 
the  greater  intensity  of  the  metallic  lines  near  the  cathode,  seems  to 
be  evidence  of  considerable  weight  against  the  idea  of  distillation. 

Blowing  a  gentle  current  of  steam  through  a  bored  carbon 
in  an  attempt  either  to  blow  the  metallic  vapors  away  from  the 
carbons  or  at  least  dilute  them  considerably  resulted  in  a  very 
badly  burning  arc,  but  no  matter  which  electrode  the  steam- 
feeding  carbon  formed,  the  lines  were  stronger  at  the  cathode. 
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Electrolysis. — The  fact  that  when  the  vaporizing  carbons  are 
loaded  with  a  mixture  of  elements  standing  as  far  apart  in  the 
electrochemical  series  as  Li,  K,  Ba,  Sr  on  the  one  hand,  and  Cu- 
and  Pb  on  the  other,  the  lines  of  all  of  them  are  found  to  be  stronger 
at  the  cathode,  would  seem  to  speak  against  the  electrolytic  theory. 
If  there  is  electrolysis,  it  would  seem  that  some  of  the  elements 
mentioned  should  be  found  at  one  pole  and  some  at  the  other. 
Experiment  shows,  however,  that  there  is  no  separation  of  the 
elements  in  the  arc. 

If  a  third  carbon  loaded  with  these  elements  is  pushed  from 
the  side  into  the  arc,  thus  introducing  the  elements  into  the  midst 
of  the  arc  stream,  there  is  no  separation,  the  lines  of  al!  the  metals 
being  stronger  near  the  cathode.  This  is  true  when  the  third 
electrode  is  connected  to  either  of  the  electrodes  through  a  moder- 
ate resistance,  thereby  changing  the  potential  of  the  electrode 
with  respect  to  the  others. 

If  a  fire-clay  diaphragm  with  a  small  hole  at  its  center  is  inserted 
in  the  furnace  between  the  upper  and  lower  carbons,  thus  making 
two  chambers  in  the  lower  of  which  the  vapor  is  formed,  the  vapor 
rises  through  the  hole  and  crosses  the  arc  stream  as  a  jet  of  small 
diameter.  It  is  found  that  still  the  metallic  lines  are  strongest 
at  the  cathode,  or  rather  between  the  cathode  and  the  point  where 
the  jet  impinges  on  the  arc  stream.  As  in  the  other  arrangements 
just  mentioned  there  is  no  separation  of  the  elements.  Owing  to 
the  somewhat  indefinite  outlines  of  the  jet  where  it  crosses  or 
mingles  with  the  arc  stream,  it  could  not  be  determined  whether 
the  lines  were  strongest  at  the  cathode  or  at  the  boundary  of  the 
jet  nearest  the  cathode. 

Direct  electrostatic  action  on  the  ionized  gases  surrounding  the 
arc  stream. — The  term  electrolysis  was  used  above  in  the  sense  of 
implying  an  electrolytic  transport  of  materials  in  the  stream  of 
the  arc  itself  and  by  the  action  of  the  arc  current.  The  term 
"direct  electrostatic  action  on  the  ionized  gases"  is  intended  to 
convey  the  idea  of  an  electrostatic  action  of  the  oppositely  elec- 
trified electrodes  upon  the  masses  of  vapor  which  surround  the 
arc  stream,  but  do  not  take  part  in  conveying  the  arc  current. 
It  is  possible  at  least  that  the  ions  coming  from  the  lower  arc,  and 
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also  to  a  certain  extent  from  the  upper  one,  would  be  attracted 
directly  to  the  upper-arc  electrodes,  and,  reaching  them,  would 
there  give  the  spectral  lines  of  the  ionized  elements. 

To  test  this  point,  the  lower  arc  was  allowed  to  burn,  furnish- 
ing a  continuous  supply  of  vapor,  while  the  upper  arc  was  extin- 
guished and  to  its  electrodes  was  connected  a  source  of  direct 
current  of  high  potential.  One  electrode  was  thus  at  a  high 
positive  potential  and  the  other  negative,  and  both  were  immersed 
in  the  ionized  vapors.  After  a  run  of  from  fifteen  to  twenty 
minutes,  the  source  of  high  potential  was  disconnected,  one  of  the 
deposition  carbons  was  removed  and  a  fresh  carbon  substituted 
for  it.  The  arc  current  was  now  switched  on,  the  new  carbon 
being  made  the  anode.  A  spectrum  photograph  was  taken,  the 
slit  being  located  near  the  image  of  the  deposition  carbon.  This 
carbon  was  now  removed  and  the  other  deposition  carbon  sub- 
stituted for  it,  and  a  second  spectrum  was  photographed  on  the 
same  plate.  Using  potential  gradients  of  200  to  5000  volts  per 
cm  of  distance  between  the  ends  of  the  deposition  carbons  during 
the  deposition,  the  spectrum  plates  were  identical  in  lines  and  in 
the  intensities  of  the  same. 

As  a  variation,  the  vapors  from  the  arc  are  allowed  to  pass 
through  an  iron  tube  about  3.5  cm  in  diameter  and  about  40  cm 
long,  in  the  axis  of  which  was  a  brass  rod  0.5  cm  in  diameter  insu- 
lated from  the  iron  tube  by  a  porcelain  bushing  tube.  A  difiference 
of  potential  of  from  1000  to  2000  volts  between  the  rod  and  the 
tube  was  applied,  and  after  a  suitable  interval  for  deposition  the 
rod  and  tube  were  removed,  separated,  and  each  wiped  off  with  a 
wad  of  absorbent  cotton.  The  wads  of  cotton  were  placed  in 
separate  beakers  and  each  treated  with  hot  dilute  HCl  in  order 
to  dissolve  whatever  had  been  deposited  on  the  tube  or  rod  and 
removed  by  the  wads  of  cotton.  New  carbons  were  boiled  in 
the  solutions.  These  carbons  formed  in  succession  the  cathodes 
of  an  arc  whose  cathode  spectrum  was  photographed,  the  anode 
being  a  new  carbon.  The  result  of  these  photographs  was  that  the 
spectrum  lines  of  the  metal  used  in  the  vaporizing  arc  were  abso- 
lutely identical  in  the  photographs.  The  spectral  reaction  was 
delicate  enough  to  show  the  iron  lines  in  the  material  deposited 
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on  the  iron  tube,  and  the  copper  lines  in  the  material  deposited  on 
the  brass  rod,  these  being  due  to  the  exceedingly  small  particles 
of  the  oxides  wiped  off  by  the  wads  of  cotton.  Using  a  mixture  of 
elements  in  the  vaporizing  carbon,  there  was  in  no  case  any  sepa- 
ration of  these  elements  in  this  process,  the  materials  deposited 
of  the  high  potential  anode  and  cathode  being  identical. 

It  is  the  opinion  of  the  writers  that  the  facts  above  given 
constitute  a  considerable  body  of  evidence  against  any  of  the 
thermal  processes  and  also  against  electrolysis  and  direct  electro- 
static action,  and  consequently  of  the  various  explanations  oft'ered 
there  remains  only  the  electronic  one  oft'ered  by  Humphreys. 

It  can  be  said  at  once  that  although  the  work  described  above 
cannot  be  considered  a  proof  of  the  electronic  theory,  yet  there 
is  nothing  in  its  results  in  conflict  with  this  theory.  The  following 
appears  to  be  stronger  and  more  direct  evidence  than  that* just 
given.  An  inclined  carbon  tube  was  arranged  so  that  small  pellets 
of  the  metallic  salts  from  i  to  2  mm  in  diameter  could  be  fed  into 
the  upper  end,  gain  considerable  speed  in  the  descent,  and  finally 
plunge  through  the  arc  stream  at  high  speed.  The  time  that 
these  pellets  were  in  the  arc  stream  was  too  short  for  any  per- 
ceptible dift"usion,  convection,  or  electrolysis,  and  further,  since 
their  diameters  were  so  small  there  could  not  have  been  much 
difference  of  potential  or  dift'erence  of  temperature  between  the 
side  turned  toward  the  cathode  and  that  turned  toward  the  anode. 
A  plane-grating  spectroscope  with  its  sht  horizontal  was  used  to 
study  visually  the  spectrum  given  by  these  pellets.  Under  the 
conditions  mentioned,  the  lines  of  the  metals  were  distinctly  fish- 
sJmped,  the  head  or  thickest  part  of  the  fish  being  turned  toward  the 
cathode.  This  suggests  that  the  electrons,  flying  from  the  cathode, 
strike  the  vapor  surrounding  the  pellet  on  the  side  turned  toward 
the  cathode,  produce  the  light,  and  then,  most  of  them  being 
stopped  by  collision  either  with  the  vapor  or  the  solid  body  of  the 
pellet  itself,  there  are  only  comparatively  few  left  to  produce  light 
on  the  anode  side.  It  seems  that  it  would  be  difficult  to  explain 
this  result  on  any  other  theory  than  that  of  ionization  by  impact. 

Explanations  based  on  convection,  dift'usion,  distillation,  or 
electrolysis  are  alike  in  that  they  postulate  an  accumulation  of 
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metallic  vapors  in  the  vicinity  of  the  cathode.  In  accordance 
\sdth  any  of  these  explanations,  if  the  polarity  of  a  direct-current 
arc  is  reversed,  the  metalHc  lines  from  the  new  cathode  cannot  be 
more  intense  than  those  from  the  new  anode  until  sufficient  time 
has  elapsed  for  the  accumulation  left  around  the  new  anode  to 
diminish  and  for  a  new  accumulation  of  vapor  to  build  itself  up 
around  the  new  cathode.  It  is  evident  that  such  a  process  requires 
a  finite  time,  since  it  requires  a  transfer  of  ordinary  matter.  On 
the  other  hand,  on  account  of  the  high  velocity  of  electrons  elec- 
tronic processes  are  almost  instantaneous,  and  reversing  the  arc 
merely  means  reversing  the  direction  of  electron  flow.  Yery  little 
time  is  required  for  this,  evidently  far  less  than  for  the  accumu- 
lation of  metaUic  vapor  around  one  of  the  poles  of  the  arc.  Hence 
the  time  required  after  the  reversal  of  the  arc  for  the  lines  to 
become  more  intense  at  the  new  cathode  may  be  used  as  a  means 
of  deciding  between  the  electronic  and  rival  theories  above  men- 
tioned. 

In  order  to  apply  this  method  of  discrimination,  the  following 
scheme  was  used.  Sixty-cycle  alternating  current  was  used  to 
operate  the  upper  arc  in  the  furnace,  the  "vaporizing  carbons"'  as 
usual  furnishing  the  metaUic  vapor.  Each  upper  carbon  was 
consequently  the  anode  for  1/120  of  a  second,  followed  by  an  equal 
interval  of  time  during  which  it  was  the  cathode,  and  so  on.  Be- 
tween the  projection  lens  and  the  slit  of  the  spectrograph  was  placed 
a  small  synchronous  motor  of  1800  r.p.m.  on  whose  shaft  was 
mounted  a  sectored  metaUic  disk.  The  disk  had  two  open  and 
two  opaque  sectors.  A  contact  de\'ice  on  the  shaft  of  the  motor 
insured  that  the  beam  of  hght  traversed  the  center  of  one  of  the 
open  sectors  at  the  instant  that  one  carbon  was  at  its  highest 
position  potential  and  the  other  at  its  maximum  negative  potential. 
WTien  the  current  through  the  arc  reversed,  an  opaque  sector  had 
taken  the  place  of  the  open  one.  thus  shutting  off  the  Hght.  Since 
the  open  sectors  were  appreciably  smaller  than  the  opaque  ones, 
there  could  be  no  overlapping. 

Under  these  conditions  the  image  of  the  alternating-current  arc 
and  the  sheaths  were  in  all  respects  precisely  the  same  as  those  of  a 
direct- cur  rent  arc. 
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Spectrum  photographs  showed  the  familiar  phenomenon  of  the 
increased  intensity  of  the  metalhc  lines  at  the  cathode  precisely 
as  if  the  arc  had  been  produced  hy  a  direct  current.  With  the  vapor- 
izing carbons  loaded  with  a  mixture  of  the  salts  of  Li,  K,  Sr,  Ba, 
and  Pb,  the  lines  of  all  of  these  elements  were  stronger  at  the 
cathode.  This  shows  without  doubt  that  i  '120  of  a  second  is 
ample  time  for  the  phenomenon  to  develop,  and  hence  seems  to 
exclude  any  possibility  of  there  having  been  any  bodily  transfer- 
ence of  metallic  vapors  from  one  pole  to  the  other.  It  would 
probably  be  possible,  by  the  use  of  narrower  open  sectors  and  by 
revolving  the  field  frame  of  the  motor  to  such  a  position  as  to 
allow  the  light  to  pass  at  an  instant  very  nearly  that  at  which 
the  current  passes  through  zero,  to  obtain  a  more  definite  value 
for  the  time  limit  required  for  the  estabhshment  of  the  phenomenon, 
but  it  would  seem  that  a  maximum  limit  of  1/120  of  a  second  is 
sufficient  to  show  that  there  could  be  little  or  no  actual  transference 
of  metallic  vapors  from  one  side  of  the  arc  to  the  other. 

The  fact  that  elements  of  such  widely  different  atomic  weights, 
ranging  from  7  to  208,  all  gave  the  same  result  under  these  con- 
ditions of  rapid  alternations  of  polarity,  appears  to  furnish  addi- 
tional evidence  against  any  explanation  or  theory  involving  the 
idea  of  transference  of  material  across  the  arc,  and  to  strengthen 
the  supposition  that  the  light  emitted  by  the  arc  stream  is  due 
to  vibration  caused  by  the  collision  of  electrons  emitted  by  the 
cathode  with  the  particles  of  the  vapors  surrounding  the  arc. 

Relative  intensities. — The  different  lines  of  a  given  element 
show  considerable  differences  in  their  relative  intensities  at  the 
two  poles.  Thus  some  Sr  lines  may  have  an  intensity  of  10  at 
the  cathode  and  8  at  the  anode,  while  others  may  have  intensities 
of  20  and  I,  and  in  some  cases  no  trace  whatever  of  the  line  could 
be  seen  at  the  anode.  An  attempt  has  been  made  to  see  whether 
there  is  any  connection  between  this  change  of  intensity  in  the 
line  at  the  two  poles  and  the  Kayser  and  Runge  series  to  which 
the  line  might  belong.  It  has  not,  however,  been  possible  to  reach 
any  definite  decision  on  this  point. 

A  similar  question  is  that  of  correlating  the  behavior  of  the 
lines  with  the  atomic  weight  of  the  element.     While  the  number 
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of  elements  used  was  too  small  to  allow  any  definite  statement 
to  be  safely  made,  yet,  so  far  as  the  results  go,  they  indicate  that 
the  cathode  strengthening  is  greater  the  lower  the  atomic  weight 
of  the  element. 

Conclusion. — All  attempts  to  separate  vapors  of  the  arc  by 
methods  involving  difference  of  temperature  and  by  methods  based 
on  electrolysis  and  electrostatic  action  gave  negative  results. 
Results  obtained  with  the  alternating-current  arc  seem  to  show 
that  the  light  from  the  arc  stream  is  due  to  electronic  colhsion, 
and  they  indicated  that  the  phenomenon  is  completely  established 
in  1/120  of  a  second  or  less. 

Alabama  Polytechnic  Institute 
AuBLTRN,  Alabama 
January  12,  192 1 
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IDENTIFICATION  OF  AIR  LINES  IN   SPARK   SPECTRA 
FROM  X5927  TO  X8683' 

ABSTRACT 

Spectrum  of  condensed  spark  in  air  and  in  oxygen,  \  5g27  to  \8683. — By  operat- 
ing the  spark  alternately  in  oxygen  and  in  air,  the  lines  due  to  ox^-gen  have  been 
identified.  The  remaining  air  lines,  except  a  few  argon  lines,  are  ascribed  to  nitrogen. 
The  work  confirms  numerous  identifications  made  by  other  observers  using  vacuum 
tubes,  and  adds  some  identifications  not  previously  available. 

Experiments  in  continuation  of  those  previously  performed  by 
one  of  the  authors^  have  been  carried  out  to  determine  the  chemical 
identifications  of  the  air  lines  from  X  5927  to  X  8683  in  spark  spectra. 

The  spark  chamber,  consisting  of  a  glass  bulb,  was  connected 
with  an  air  pump  and  an  oxygen  apparatus  in  such  a  way  that  it 
could  be  filled  either  with  air  or  with  oxygen.  The  oxygen  was  gen- 
erated by  heating  potassium  permanganate  and  was  purified  by 
passage  through  caustic  potash,  calcium  chloride,  and  phosphorus 
pentoxide.  The  photographic  exposures  were  so  arranged  that  the 
spectrum  of  the  spark  in  air  appeared  on  the  negative  close  beside 
that  of  the  same  spark  in  oxygen,  thus  facilitating  a  comparison 
of  the  relative  intensities  of  the  lines.  The  pressure  in  the  spark 
chamber  was  equal  to  one  atmosphere  in  all  cases.  Several  sets 
of  comparisons  were  made  with  copper  electrodes,  and  one  with 
carbon  (Acheson  graphite)  electrodes.  All  gave  accordant  indica- 
tions of  the  identification  of  the  air  lines. 

The  second  column  in  Table  I  gives  our  observations  of  the 
changes  in  relative  intensities  of  the  lines  produced  by  the  spark  in 
oxygen  as  compared  with  the  spark  in  air,  iv  and  s  indicating 
weakened  and  strengthened,  respectively.  Of  lines  for  which 
other  identifications  are  available,  those  due  to  argon  and  nitrogen 
are  weakened,  while  those  due  to  oxygen  are  strengthened.  Among 
the  remaining  lines,  those  weakened  are  believed  to  be  due  to 
nitrogen,  and  those  strengthened  to  oxygen. 

'  Contrihiilions  from  the  Mount  Wilson  Observatory,  No.  207. 
^  Ibid.,  No.  183;  Astro  physical  Journal,  51,  2ri,  1920. 
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One  line,  X  6370.92,  should  be  removed  from  the  previous 
list,'  as  it  is  probably  due  to  silicon,  while  a  nitrogen  line  at  about 
6341 .  5  A  should  be  added,  as  it  is  observable  in  air.  It  undoubtedly 
corresponds  to  a  line  observed  at  6340. 84  A  by  Porlezza  in  a 
nitrogen  tube. 

TABLE  I 

Relative  Intensities  of  Spark  Lines  in  Air  and  in  Oxygen 


X  in  Air,  I  A 

Oxygen 

5927.83... 

w 

5931 

78... 

w 

5941 

54- •• 

w 

5952 

2,5- ■■ 

w 

0158 

s 

6171 

0  .  .  . 

w 

6284 

22.  .  . 

w 

(6341 

',)... 

w 

635H 

13... 

w 

(6370 

92).  • 

6379 

52... 

w 

6456 

s 

6482 

054-  ■ 

w 

6610 

39- •• 

IV 

6640 

7  ... 

s 

6654 

78... 

s 

6721 

25- -• 

s 

6887 

61... 

IV 

6q,so 

w  ? 

6Q65 

95- •• 

w 

(7007) 

s 

7067 

6  ... 

It' 

7157 

3&.-. 

s 

s 

7384 

53- •• 

w 

Vacuum  Tubes 


N* 
N* 
N* 
N* 

ot 


N* 

N      6340.84" 

N* 

See  note 

N* 

Ot 

N* 

N* 


7002 1 


A 
O 
A 

o?t 

O     7254t 
A 


X  in  Air,  I A 


7424.04 
7442 . 70 
7468.72 

7635 ■ 70 
7772.07 

7774-33 
7775.60 
7947  83 
7951-10 

7952.3 

8185.26 

818S.42 

8200.72 

8211 .  12 

8216.72 

8223^48 
8230.20 

8242.80 
8446 . 84 
8630.02 
8680.63 
.70 


O-tygen 


Vacuum  Tubes 


o 

/o 

10 
A 
O 
O 
O 
O 
O 
O 


7476.58I: 
747  9-23t 
7481. 27t 


7947 -58t 
7950-84I 
7952-22I 


O     8221. 84J 


O     8230. 05J 
O     8233.05! 


*  Porlezza,  Atli  R.  Accademia  dei  Lincei,  Serie  s,  20,  584,  ipir. 

t  Runge  and  Paschen,  Annalen  der  Phyiik,  61,  641,  1897;  27,  562,  1908. 

X  Kiess,  Popular  Astronomy,  29,  18,  1921. 

NOTES 

X  6158  Very  broad,  probably  double  or  triple;  includes  X  6160.  72. 
61 71 .0  Broad,  probably  double  or  triple. 
6370.92  Not  an  air  line;  probably  Si. 
7007  Verj',  very  hazy. 

Paul  W.  Merrill 
F.  L.  Hopper 
Mount  Wilson  Observatory  Clyde  R    Keith 

February  192 i 


'  Loc.  cit. 
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AVOIDANCE  OF  ATMOSPHERIC  DISPERSION  IN  MEAS- 
URES WITH  THE  STELLAR  INTERFEROMETER 

ABSTRACT 

Stellar  interferometer. — A  direct-vision  prism  has  been  used  with  the  stellar 
interferometer  to  avoid  the  disturbing  effects  of  atmospheric  dispersion. 

Since  Professor  Michelson's  tests  here  and  at  Mount  Wilson  have 
shown  that  the  interference  method  for  measuring  close  double 
stars  is  httle  affected  by  atmospheric  conditions,  we  have  applied 
this  method  to  some  of  the  known  bright  pairs  with  the  40-inch 
refractor.  An  experimental  apparatus  was  built  in  1920  by  Mr. 
O.  J.  Lee  and  myself,  with  the  use  of  wood  and  paper,  because  of 
lack  of  help  in  our  shop  at  that  time.  It  was  placed  in  front  of  the 
40-inch  objective  and  consisted  of  two  rectangular  openings  in  card- 
board that  could  be  changed  in  position  angle  and  varied  in  distance 
by  means  of  cords  held  by  the  observer.  This  crude  instrument 
showed  the  expected  phenomena  very  plainly,  but  was  only  good 
enough  to  make  a  better  one  desirable.  From  a  sketch  by  myself  a 
small  apparatus  was  made  of  iron  and  brass  in  which  the  movable 
slits  were  in  the  cone  of  light  only  one  meter  inside  the  focus.  This 
instrument  w^as  mainly  made  by  Dr.  George  S.  Isham,  of  Chicago, 
who  voluntarily  proposed  to  undertake  the  construction  in  his 
private  shop.  His  hearty  co-operation  is  very  cordially  acknowl- 
edged here.  Adapted  to  the  40-inch  refractor  by  our  instrument- 
maker,  with  the  necessary  adjustments  for  centering  the  apparatus 
in  the  cone  of  light,  the  instrument  proved  satisfactory.  Between 
March  21  and  June  25,  192 1,  Capella  has  been  followed  in  position 
angle  over  nearly  a  complete  revolution  by  observations  during  the 
day,  some  of  them  when  Capella  was  culminating  at  noon. 

From  the  very  beginning,  however,  a  difficulty  was  encountered 
in  atmospheric  dispersion.  J.  A.  Anderson'  has  clearly  explained 
the  effect  of  this  disturbing  factor.  WTien  the  interferometer  is  set 
on  a  star  at  low  altitude  the  fringes  appear  fan-shaped  if  the  slits 
are  vertical,  while  in  a  direction  normal  to  this  the  fringes  would  be 
completely  blurred.  Without  going  that  far,  it  is  evident  that  even 
at  higher  altitudes  atmospheric  dispersion  will  affect  the  change  in 

^  Astro  physical  Journal,  51,  268,  1920. 
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visibility  of  the  fringes  for  varying  position  angles.  The  effect 
would  be  an  apparent  shift  of  the  position  angle  toward  the  vertical. 
These  deviations  were  quite  evident  on  Capella.  This  star  is  too 
close  to  be  measured  in  distance  with  the  40-inch  refractor  combined 
with  the  interferometer;  yet  the  change  of  visibility  of  the  fringes 
when  the  instrument  is  turned  in  position  angle  is  such  that,  although 
the  distance  could  not  be  measured,  the  position  angle  can  be  estab- 
lished fairly  well.  But  the  measures  on  a  given  day  showed  marked 
changes  with  the  hour  angle. 

Anderson  compensates  for  the  atmospheric  dispersion  by  putting 
plates  of  plane-parallel  glass,  one  of  them  being  slightly  tilted,  in 
front  of  each  slit;  but  this  appeared  difficult,  since  the  adjustment 
had  to  be  modified  for  each  change  in  the  position  angle.  The 
alternative  of  using  a  prism  of  variable  angle,  kept  in  the  required 
position  by  gravity,  will  probably  be  found  too  difficult  in  actual 
application. 

Another  method  was  devised  by  myself,  which  is  simple  and 
practical.  It  consists  in  mounting  a  direct-vision  prism  on  the  eye- 
piece, the  edge  of  the  prism  being  parallel  to  the  line  joining  the 
centers  of  the  slits,  so  that  the  dispersion  is  parallel  to  the  slits. 
Since  the  eyepiece  turns  with  the  slits,  the  prism  becomes  part  of 
the  interferometer  and  does  not  require  repeated  adjustment. 
Direct-vision  prisms  of  the  ZoUner  type,  consisting  of  two  crown 
prisms  with  the  flint  prism  in  between,  were  used  for  that  purpose, 
the  cylindrical  lens  being  discarded.  Dispersions  of  3°,  4°,  and  5° 
respectively,  between  the  Fraunhofer  lines  B  and  G  (X  6868  and 
X  4308)  proved  to  be  amply  sufficient. 

Atmospheric  dispersion  is  represented  by  ©''83  tan  s  for  zenith 
distances  smaller  than  70°  if  the  limits  of  the  spectrum  are  taken 
at  X  6500  and  X  4500.^  The  corresponding  value  between  B  and  G 
is  I  ''06  tan  2.  Since  the  observations  are  made  with  a  power  of  about 
2000,  the  atmospheric  dispersion  would  appear  to  the  eye  under  an 
angle  of  2000X1.06  tan  s  or  roughly  o?7  tan  s,  as  against  a  dis- 
persion of  3°  to  5°  with  the  prism.  The  combination  of  the  two 
dispersions  will  be  a  spectrum  at  a  slight  angle  with  the  length  of 
the  slits.     By  adjusting  the  prism  so  that  the  resulting  spectrum  is 

'  Anderson,  loc.  cil. 
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parallel  to  the  slits,  the  vertical  dispersion  is  compensated  and  the 
fringes  will  bt  seen  again  over  the  whole  length  of  the  successive 
colors  of  the  narrow  spectrum,  especially  well  in  the  red  part  for  the 
prism  used.  Laboratory  tests  in  which  the  light  of  a  slit-source  was 
dispersed  through  a  60°  prism  showed  that  even  for  such  a  high 
dispersion  the  lost  fringes  could  be  brought  back  and  made  so  plain 
by  the  direct- vision  prism  oriented  in  the  proper  way  that  the  width 
of  the  slit  could  be  measured  as  if  there  was  no  dispersion,  and 
since  the  settings  could  be  made  in  the  various  colors,  there  is  no 
uncertainty  as  to  the  wave-length  to  be  used  in  the  computations. 
This  method  was  used  on  Capella  for  the  first  time  on  June  16 
and  was  found  to  work  very  well  even  when  the  star  is  as  close  to 
the  sun  as  at  present.  On  fainter  stars  the  loss  of  light  would 
reduce  the  number  of  objects  that  can  be  reached.  Observations 
on  stars  as  faint  as  y^^o  were  found  possible  under  fair  conditions, 
without  the  direct-vision  prism.  The  dispersion  introduced  by  this 
auxiliary  apparatus  would  put  the  limit  somewhere  near  5'^o  with 
the  actual  arrangement  of  the  instrument. 

G.  Van  Biesbroeck 

Yerkes  Observatory 
June  26,  1921 


ERRATA 


Vol.  53,  January,  1921,  "The  Parallaxes  of  1646  Stars  Derived  by 
the  Spectroscopic  Method,"  by  W.  S.  Adams,  A.  H,  Joy,  G.  Stromberg, 
and  Cora  G.  Burwell: 

Page  23,  equation  (19),  for  A^  read  A  . 
Page  26,  second  line, /or  below  read  above. 
Page  39,  Boss  451:  for  47  Cassiop.  read  57  Ceti. 
Page  44,  the  trigonometric  ir  and  authorities  given  for  Boss  1074 
refer  to  C594. 

Page  60,  first  line,  the  Boss  No.  for  Bu.  5695C  should  be  deleted. 
Page  75,  Boss  4470:  under  "Authorities,"  for  M  read  S. 
Page  84,  X  Cygni:  in  the  sixth  column,  insert  II  after  0.018. 
Page  87,  C2797:  in  the  sixth  column, /or  0^056  read  0^56. 


9/. 


THE 

ASTROPHYSICAL   JOURNAL 

AN  INTERNATIONAL  REVIEW  OF  SPECTROSCOPY 
AND  ASTRONOMICAL  PHYSICS 


VOLUME  Liv         SEPTEMBER    1921 


NUMBER 


THE   ECLIPSING   VARIABLE    i  H.    CASSIOPEIAE,   WITH 

EVIDENCE  ON  THE  DARKENING  AT  THE  LIMB 

OF  A  STELLAR  DISK 

By  JOEL  STEBBINS 

ABSTRACT 

Variable  star  i  H.  Cassiopeiae;  photometric  study.- — Observations  during  1917-1921 
with  a  photo-electric  photometer  show  that  this  star  is  an  eclipsing  variable.  The 
primary  and  secondary  minima  have  ranges  of  o'i'132  and  0^032  respectively,  each 
with  an  interval  of  constant  light  showing  that  the  eclipses  are  annular  or  total. 
From  the  light-curve  are  derived  the  elements  of  the  binary  system  (Table  IV,  Fig.  3), 
which  are  in  good  agreement  with  the  Allegheny  spectroscopic  results.  There  is, 
however,  a  discrepancy  in  the  phase  and  duration  of  the  secondary  minimum  which 
points  to  a  motion  of  the  line  of  apsides,  and  which  in  view  of  the  high  eccentricity, 
e  =  o .  2 5 ,  could  be  readily  verified  by  a  new  determination  of  the  spectroscopic  elements. 
The  density  of  the  smaller  and  fainter  body  is  probably  seven  times  that  of  the  primary. 

Darkening  at  the  limb  of  a  star  of  spectrum  Bj. — This  star  furnishes  an  unusually 
favorable  test  for  darkening  at  the  limb,  as  there  is  an  annular  eclipse  by  a  small 
companion;  but  the  results  indicate  that  there  can  at  most  be  only  a  small  fraction 
of  the  amount  of  darkening  which  is  present  in  the  case  of  the  sun. 

Comparison  stars,  i  and  a  Cassiopeiae. — ^These  have  been  found  to  be  constant 
in  light,  within  perhaps  o'^'oi. 

Photo-electric  photo?neterfor  stars. — The  precision  which  may  be  reached  is  indicated 
by  the  residuals  for  seventy-five  normal  magnitudes,  which  give  the  probable  error  of 
one  normal  =  ='=o¥oo36. 

The  variation  of  i  H.  Cassiopeiae  (B.D.  57?2748,  H.R.  8926, 
magnitude  4.89,  spectrum  B3),  was  detected  with  the  photo- 
electric photometer  in  19 18.'  The  spectroscopic  orbit  by  Baker^ 
depends  upon  plates  taken  in   1908  and   1909,  and  the  period, 

'  Publications  of  the  American  Astronomical  Society,  4,  115,  1919. 
^  Publications  of  the  Allegheny  Observatory,  2,  28,  1910. 
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6.067  days,  was  derived  by  comparison  with  several  Yerkes 
observ^ations  in  1903.  In  our  searching  for  an  ecHpse  some  ten 
years  after  the  spectroscopic  measures  it  was  not  surprising  to 
find  the  star  faint  at  a  phase  nearly  half  a  day  before  the  prediction, 
which  difference  after  more  than  six  hundred  revolutions  could 
be  due  to  a  small  error  in  the  assumed  period.  The  photometric 
observations  of  this  star  have  been  continued  at  times  during  four 
seasons,  and  it  is  found  that  there  are  primary  and  secondary 
eclipses  of  ©'^^13  and  ©^^^03  respectively,  also  that  the  eclipses  are 
annular  and  total,  which  facilitate  the  derivation  of  the  elements 
even  though  the  light-range  is  so  small. 

I  H.  Cassiopeiae,  No.  12405  in  Burnham's  General  Catalogue,  is 
listed  as  a  wide  multiple  star  with  no  fewer  than  eight  components, 
but  of  these  the  combination  AB  is  all  that  is  measured  through  a 
diaphragm  of  the  photometer  which  limits  the  field  to  72"  diameter. 
As  B  is  more  than  four  magnitudes  fainter  than  A,  the  effect  of  the 
former  is  almost  negligible. 

There  are  two  good  comparison  stars  available : 

H.R.  8797,     I  Cassiopeiae,  magnitude  4.93,  spectrum  Bo 
H.R.  9071,     cr  Cassiopeiae,  magnitude  4.93,  spectrum  B2 

As  these  are  on  either  side  of  the  variable,  it  is  found  that  the 
differential  visual  extinction  between  i  H.  and  the  mean  of  the 
two  stars  is  less  than  0^^*004  from  2o'?o  to  4^0  sidereal  time.  Thus 
for  eight  hours  the  stars  are  in  good  observing  position,  and  there 
has  been  no  suspicion  of  variability  of  either  i  or  a.  From  favor- 
able measures  of  the  comparison  stars  it  is  found  that  the  photo- 
electric difference,  i  brighter  than  a,  is  o^'oio=to-^'oo2. 

In  Table  I  are  given  the  photo-electric  observations  of  i  H. 
Cassiopeiae.  The  first  date  is  September  10,  191 7.  The  times 
were  reduced  to  the  sun  and  the  phases  computed  from  the  elements : 

Minimum  =  J.D.  2422586. 492+6^06630 •£. 

The  difference  of  magnitude  is  in  the  sense  i  — i  H.,  a  positive 
sign  meaning  that  i  H.  was  brighter  than  i.  Unless  otherwise 
noted,  each  difference  is  the  mean  of  three  sets  of  four  readings 
each  on  the  variable  and  comparison  star,  the  latter  being  i  Cassi- 
opeiae unless  a  is  in  the  last  column.  The  designation  (i,  a)  is 
given  to  the  few  sets  where  the  mean  of  i  and  <j  was  used. 
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TABLE  I 

Observatioxs  of  I  H.  CaSSIOPEI/VE 


Date,  G.M.T. 

Phase 

2421482.812. . 

•       0^390 

1483 

805 .  . 

.        1.383 

1837 

733- • 

•       3-464 

184s 

683.. 

■      5-349 

1924 

6S7-. 

•      5-461 

1927 

631.  . 

.       2.368 

1928 

.Sb7.. 

•      3-304 

1932 

615.. 

■       1-285 

1939 

538.  • 

.       2.142 

1943 

512.. 

•      0.050 

535  •  • 

•      0.073 

549- • 

0.087 

573- • 

O.III 

587- ■ 

-      0.125 

601 .  . 

-      0.139 

bi5.. 

-      0.153 

629.  . 

0.167 

642.  . 

0.180 

659.. 

.      0.197 

674.. 

0.212 

1967 

4q8.. 

.  -0.230 

522.. 

.  —0.206 

537- • 

.  —0. 191 

551- • 

.  -0.177 

588.. 

.  —0.140 

604. . 

.  —0.124 

1976 

572.. 

.  +2.776 

1979 

,S.S6.. 

•       5 ■ 760 

1983 

5I7-- 

-      3655 

530-- 

.      3.668 

1988 

S53-- 

2.624 

1990 

537- • 

.      4  -  608 

568.. 

•      4-639 

2307 

493-  • 

-      0.053 

511.. 

0.071 

535-  ■ 

-      0.095 

.';47-- 

0.107 

586.. 

0.146 

599- ■ 

•      0.159 

621 .  . 

.      0.181 

637.  ■ 

■      0.197 

2313 

494- • 

.  — Q.012 

501.. 

.  -0.005 

542.. 

.  +0.036 

551- • 

•      0.045 

2517 

792.  . 

4.096 

2524 

828.. 

-       5-065 

2525 

730.. 

.  —0.099 

744-  • 

.  —0.085 

785.. 

.  —0.044 

797- • 

.  -0.032 

814.  . 

.  —0.015 

825.. 

.  —0.004 

836.. 

.  +0.007 

8.'53.. 

0.024 

876.. 

•      0.047 

i-iH. 


+0^029 
.036 
.003 
.006 
.010 
.036 
.020 

-034 
.036 

-  .  106 

-  -095 

-  .089 

-  .072 

-  .048 

-  .026 

-  .020 

-  .003 
+  023 

.010 
.024 
.026 
.005 
-013 
-013 

-  .028 

-  .058 
+    .016 

.010 
.009 

-  -003 
+    -025 

.032 

-035 

-  .  100 

-  095 

-  .081 

-  .070 

-  .023 
+  -013 

.012 
■032 

-  .088 

-  .083 

-  .083 

-  -095 
+    -015 

.036 

-  .091 

-  .105 

-  .107 

-  .103 

-  .  102 

-  .116 

-  .085 

-  .094 

-  .100 


Remarks 


Re- 
jected 


2  sets 


2  sets 


2  sets 


(i.-r) 


Date,  G.M.T 


2422525 
2528 
2530 
2531 


2533 
2534 
2539 
2540 
2553 


2554 

2558 
2561 

2566 

2567 
2573 


2583 
2584 
2585 
2586 


2592 


2593 


2595 


859 
828 
710 
725 
739 
749 
766 
776 
792 
803 
829 
842 
765 
774 
778 
768 

799 
8og 

849 


733 
743 
810 
756 
767 
766 
781 
772 
749 
640 

651 
6/1 
754 
769 
719 

735 
766 

785 
578 
622 
662 
710 
764 
798 
659 
578 
593 
636 
706 
728 

739 
692 

708 


Phase 


o°os9 
3-030 
4-999 
-0.185 
— o. 170 
-0.156 
— o. 146 
— o. 129 
— o. 119 

-0.103 
—0.092 
—  0.066 

-0.053 

+1-870 

2.880 

1.817 

2  .807 
3-707 
3-717 

3-757 
3-769 
3-794 
4.641 
4651 
2  .652 
5-598 
5.609 
4-541 
4-556 
5-547 
5-458 
o.  217 
o.  228 
0.248 
3-331 
3-346 
4.296 
4-312 


343 
362 


0-133 
0.173 
0.221 
0-275 
0.309 
3.170 
0.023 
0.038 
0.081 
0.151 
0.173 
o.  184 
I -137 
I -153 
3-130 


i-iH. 


Remarks 


+ 


+ 


+ 


+ 


'096  , 

028 

030 

028. 

018. 

009  , 

020  . 
042  , 
070  . 
086. 

095  ■ 

100 

102 

043 

037 

031 

037 
on  , 
000  , 

003 
005 

014 

030 
030 

021  , 
022 

036 

039 
036 
056 
032 
030 
034 

038 
035 
033 
038. 

021  , 

025 . 
023 . 
105 . 

016  . 
014  . 
040  . 

030. 

021  . 

033  • 

076  . 
092  . 

097 . 
032 . 
023 . 
023 . 
057- 
037. 
032 . 


2  sets 


I  set 


4  sets 


(i,<r) 


2  sets 


? 
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TABLE  I— Continued 


Date,  G.M.T. 


2422595.722 
2596.646 

•657 
2598.672 

.700 
2599.683 

.694 
2601.685 

.698 
2603.634 

•  644 
2604.537 

■551 

•  564 
•576 
•596 
.608 
.658 
.669 
.691 
.701 
.722 
•733 
•753 
.766 

2605.621 

•  630 
2606 . 709 

•723 
2607.628 

•  644 
2608.524 

•563 

•  572 
.610 
.619 

•  645 

•  654 
.667 
.678 

•  694 
.708 
.718 
.727 
.751 
•753 
.770 

•  773 
•795 
•799 

2609 . 608 
.612 

2610.723 
•730 
•754 
•765 
.781 
•785 


Phase 


34167 

4.091 

4. 102 

0.050 

0.078 

1 .061 

1 .072 

3-063 

3.076 

5.012 

5.022 

-0.151 

-0.137 

— o. 124 

— O. 112 

—  0.092 

—  0.080 
-0.030 

—  0.019 
+0.003 

0.013 
0.034 
0.045 
0.065 
0.078 

0-933 
0.942 
2.021 
2.035 
2.940 
2.956 
3-836 
3-875 
3.884 
3-922 
3-931 
3-957 
3.966 

3-979 
3-990 
4.006 
4.020 
4.030 

4 -039 
4.063 
4.065 
4.082 
4-085 
4.107 
4.  Ill 
4.920 

4-924 
-0.031 

—  0.024 
0.000 

+0.011 
0.027 
0.031 


i-iH. 


+0M040 
-053 
-039 

-  .114 

-  .084 
+    .028 

.036 
•034 
•031 
.038 
•036 
.002 

-  .022 

-  .052 

-  .070 

-  .074 

-  .096 

-  .085 

-  .088 

-  .119 

-  .103 

-  .105 

-  .088 

-  .  120 

-  .Ill 
+    .028 

.040 

•039 
.036 

-043 
-039 
.001 

-  .008 

-  .028 
.000 

-  .013 
+    .008 

.019 
-013 
.018 
-023 
•032 
.021 

•039 
.027 

-04s 
-032 
.042 
.042 
.048 
-030 
.048 

-  .092 

-  .118 

-  .097 

-  -103 

-  .091 

-  .092 


Remarks 


(l,<^) 


Date,  G.M.T. 


2613 

737-- 

740.  . 

2614 

572 

577-- 

2616 

578.. 

582.. 

601.  . 

604.  . 

624. . . 

626.. 

647.. 

650.  . 

685.. 

687.. 

704.  . 

708 .. . 

725-- 

729-- 

753-- 

758... 

776.. 

781.. 

2618 

640. . . 

644.  . 

2619 

578.. 

582... 

2626 

579- - 

583-. 

599- 

606.. 

2627 

586... 

590.. 

2628 

592.- 

596.. 

2632 

592-. 

598.. 

2633 

600.  . 

603.  . 

2640 

693.  . 

698.. 

2641 

.563.. 

.567.- 

2642 

.S.58.. 

562.. 

2647 

541- - 

547-- 

2648 

615.. 

620.  . 

2656 

637.. 

642.  . 

2699 

521.. 

524-- 

551- • 

.xS6.. 

578.. 

582.. 

601.  . 

604.  . 

Phase 


2<?983 

2.986 

3-818 

3-823 

-0.243 

-0.239 

— o. 220 

— o. 217 

-0.197 
-0.195 
-0.174 

— o. 171 

-0.136 
-0.134 

— o. 117 

-0.II3 

—  0.096 

—  0.092 

-0.068 

—  0.063 

-0.045 

—0.040 

+I.8I9 
1-823 

2-757 
2.761 
3.692 
3.696 
3-712 

3-719 
4.699 

4-703 
5-705 
5-709 
3-639 


645 

647 

650 

674 

679 

0.477 

0.481 

1.472 

1.476 

0.389 

0.395 
1.463 
1.468 

3-417 
3.422 

3-836 
3-839 
3.866 

3-871 
3-893 
3-897 
3.916 

3-919 


i-iH. 


+0^^027 
043 
034 
000 
029 
030 
028 

031 
025 
038 
013 
006 
029 
031 
051 
073 
084 
088 
092 

093 
085 
100 

013 
030 

051 
047 
020 
007 
001 
005 
052 

045 
032 
029 
032 
013 
062 
047 
019 
045 
054 
042 

047 
051 
058 

031 
019 
063 
009 

047 
012 
000 

005 

015 
006 

037 
001 
027 


+ 


Remarks 


2  sets 
a,  2  sets 

2  sets 
(T,  2  sets 


2  sets 
er,  2  sets 
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The  normal  magnitudes  in  Table  II  were  formed  in  the  usual 
way,  each  normal  being  ordinarily  the  mean  of  three  observations 
from  Table  I.     The  residuals  give  a  comparison  with  the  computed 


Diff.of 

Mag. 
+0.05 

n    P 

0 

-,  0     n 

0 

^ 

,V°  r 

°°4 

P  (J 

6 

0 

■     '-i-'^  00 

\i 

V     "- 

u 

o°<fi 

-  -05 

—  .10 

( ) 

1 

( ) 

1 

Days 


12345 
Fig.  I. — The  light-curve  of  i  H.  Cassiopeiae 


Days    3.51      3.61      3.71      3.81      3.91      401      4" 


Diff.of 

Mag. 

+0.05 


+    -OS 


Days  —0.30  —0.20  — o.io      0.0  +0.10  +0.20  +0.30 

Fig.  2. — Primary  and  secondary  minima  of  i  H.  Cassiopeiae.     Broken  line  for 
secondary  is  computed  from  spectroscopic  elements. 


light-curve  which  is  shown  in  Figures  i   and  2.     From  all  the 
residuals  is  derived 

Probable  error  of  one  normal  magnitude  =  ='=o'^oo36. 
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The  constant  light  at  each  mimmum  shows  that  each  eclipse 
must  be  either  annular  or  total.  As  there  is  little  variation  between 
minima  the  bodies  are  presumably  too  far  apart  to  show  the  effects 
of  radiation  and  ellipticity  of  figure  which  are  often  observed  in 


TABLE  II 

Normal  Magnitudes 


Phase 


—0^263 
— o. 222 
-0.199 
—  0.184 
—0,172 
—0.151 
-0.138 
—0.129 
— o. 120 
— o. 109 
—0.096 
—0.090 
—0.071 

-0.054 
-0.039 
—0.028 
—0.015 

—0.003 

+0.007 

0.020 

0.031 

0.040 

0.047 
0.054 

0.070 
0.079 
0.090 
o.  114 

0.139 
0.154 

o,  171 
o.  182 
o.  202 

O.  222 

o.  277 

0.391 
0.630 
1.025 


I-lH. 


+0*'023 

.028 
.023 
.018 

.012 

—  .009 

—  .026 

-  -044 

-  .058 

-  .076 

-  .090 

-  .089 

-  .096 

-  093 

-  -103 

-  .098 

-  -093 

-  099 

-  .  102 

-  .091 

-  .094 

-  .090 

-  .098 

-  -103 

-  -103 

-  -097 

-  .092 

-  -063 

-  .022 

•013 

.oil 
.019 
.022 

■035 
.030 

•  039 

.041 

■  035 


+ 


Residual 

— 0 

*'oi2 

— 

.007 

— 

.010 

— 

.005 

+ 

.001 

+ 

.005 

+ 

.005 

.000 

— 

.002 

— 

.005 

-^ 

.005 

+ 

.001 

+ 

.001 

+ 

.004 

— 

.006 

— 

.001 

+ 

.004 

— 

.002 

— 

.005 

+ 

.006 

+ 

.003 

+ 

.007 

— 

.001 

— 

.006 

— 

.006 

.000 

— 

.002 

+ 

.002 

+ 

.008 

— 

.003 

+ 

.001 

— 

.003 

— 

.013 

.000. 

— 

.005 

+ 

.004 

+ 

.006 

.000 

Phase 


1Y192 
•1-438 
1.588 

1.837 
2.066 
2.548 
2.765 
2.876 

2-975 
3-056 
3-156 
3-327 
3-4?o 
3.646 
3-685 
3-712 
3-748 
3.812 
3-837 
3-871 
3.891 
3.922 

3-967 
4-005 
4.044 
4.078 
4.096 

4-171 
4.470 
4.629 
4.649 
4-774 
4-978 
5-143 
5-456 
5.627 
5-698 


i-iH. 


+0 


+ 


•043 
•039 
■043 
.029 

•037 
.027 
.038 

•039 
.036 
.031 

-035 
.029 
.028 
.018 
-003 
.004 
.oox 
.007 
.004 
.001 
.001 
.003 
.013 
.024 
.029 
.040 

-036 

-043 
.032 
.032 

.046 
.042 

•039 
.032 

-037 

.026 

•  035 


Residual 


+o'?oo8 

+  .004 

+  .008 

—  .006 
+  .002 

—  .008 
+  -003 
+  .004 
+  .001 

—  .004 
.000 

—  .006 

—  .007 
+  .001 

—  -005 
+  .001 

—  .004 
+  .004 
-j-  .001 

—  .002 

—  .002 

—  -003 

—  .002 
.000 

—  .003 
+  -005 
+  .001 
+  .008 

—  .003 

—  .003 
+  .011 
+  .007 
+  .004 

—  -003 
+  .002 

—  .009 
.000 


close  binaries.  From  the  observations  between  minima  we  have 
the  constants  in  Table  III.  It  is  to  be  remembered  that  these 
constants  are  the  actual  observed  quantities,  and  include  the  light 
of  the  visual  component  B,  which  is  assumed  to  be  4.4  magnitudes 
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fainter  than  A,  and  hence  gives  1/60  of  the  light  of  the  eclips- 
ing system.  In  the  further  work  this  extra  light  has  been  duly 
allowed  for. 

Preliminary  circular  elements  were  found  by  Russell's  method, 
and  then  the  transition  to  an  elliptical  orbit  was  accomplished  in 


TABLE  III 


Magnitude 

Range 

Light 

Loss 

Maximum 

+0^035 
-0.097 
+0.003 

1. 000 
0.886 
0.971 

Primary  minimum 

Secondary  minimum 

0^132 
0.032 

0. 114 
0.029 

TABLE  IV 
Elements  of  1  H.  Cassiopeiae 


Photometric 


Spectroscopic 


Minimum,  J.D.  242 

Period 

Phase  of  secondary  minimum. 

Time  of  periastron 

Longitude  of  periastron 

Eccentricity 

Compound  of  eccentricity .... 

Ratio  of  radii  of  bodies 

Light  of  first  body 

Light  of  second  body 

Ratio  of  surface  brightnesses. 

Radius  of  first  body 

Radius  of  second  body 

Cosine  of  inclination 

Mean  density  of  system 


e 
e  cos  w 
k 
L, 
L2 

a, 

cos  / 

po 


8224.822 
6'?o6630 
3d8i 
-045454 

37°25 
0.25 
0.199 
0.346 
0.970 
0.030 

3  9 
o.  192 
0.066 
0.096 
0.049 


8224.798 
6^067= 
3^89 
— i4o36 


=0 90005 


3.35=t».i7 

0.224=4=0.025 

0.224 


Assumption,  mi-\-mi  =  ioQ 


Mass  of  first  body 

Mass  of  second  body.  . . 
Radius  of  first  body. .  .  . 
Radius  of  second  body. . 
Density  of  first  body .  .  . 
Density  of  second  body. 


the  manner  indicated  by  him,  except  that  the  square  of  the  eccen- 
tricity, e  =  o.25,  may  not  be  neglected.  However,  only  a  couple 
of  trials  were  necessary  to  secure  a  satisfactory  approximation. 
Complete  elements  were  derived  from  the  light-curve  so  as  to 
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have  an  independent  set  for  comparison  with  the  spectroscopic 
results. 

From  the  light  measures  alone  there  are  two  solutions,  one 
with  a  small  faint  star,  ^  =  0.346,  in  front  at  primary  minimum, 
and  the  other  with  much  greater  difference  in  size,  ^  =  0.18,  and 
with  total  eclipse  of  the  smaller  and  brighter  star  at  primary-.  The 
greatest  difference  between  the  corresponding  light-curves  is  only 
0^003,  and  we  must  depend  upon  the  spectroscopic  e\'idence  for  a 
decision.  This  is  quite  definite,  for  there  is  only  one  spectrum 
visible  on  the  plates,  and  it  is  that  of  the  component  which  is 
eclipsed  at  primary  minimum,  when  only  one-ninth  of  the  com- 
bined hght  is  lost.  The  second  solution  is  therefore  impossible, 
and  we  have  a  system  in  which  the  large  star  is  the  more  intense, 


O  The  Sun 
Fig.  3. — The  system  of  i  H.  Cassiopeiae 

while  the  companion  has  about  one-third  the  diameter  and  one- 
fourth  the  surface-brightness  of  the  main  body.  The  photometric 
elements,  together  wuth  a  comparison  with  the  corresponding 
spectroscopic  results,  are  in  Table  IV. 

The  light  elements  in  Table  IV  are  represented  by  the  system 
in  Figure  3,  and  the  final  light-curve  was  computed  rigorously  from 
the  positions  in  the  elliptical  orbit  and  the  geometrical  relations  of 
overlapping  disks. 

In  comparing  the  photometric  and  spectroscopic  results  we 
must  remember  that  in  the  nature  of  the  case  the  two  methods  are 
of  dift'erent  relative  advantage,  depending  upon  which  element  is 
concerned.  Taking  up  first  the  time  of  minimum,  the  dift'erence 
of  0.024  day  corresponds  to  less  than  2  km/sec.  in  the  velocity- 
curve,  a  very  good  agreement.  The  period  is  much  the  better 
determined  by  the  light  measures,  as  the  change  during  increasing 
or  decreasing  light  at  primary  is  quite  rapid.  In  the  phase  of  sec- 
ondary minimum  there  is  a  large  discrepancy,  shown  in  Figure  3, 
and  it  is  quite  impossible  to  bring  the  two  results  into  agreement. 
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The  time  of  periastron  T  depends  upon  the  adopted  value  of  oj, 
and  need  not  be  discussed  further. 

The  elements  e  and  co  are  fixed  by  the  phase  and  duration  of 
the  secondary  minimum ;  in  particular  e  cos  co  is  very  accurately 
determined  by  the  light-curve,  and  the  photometric  result  is  here 
of  much  greater  weight,  though  it  differs  from  the  spectroscopic 
value  by  just  the  probable  error  of  the  latter.  For  the  other 
component,  e  sin  co,  we  should  expect  the  spectroscopic  measure 

TABLE  V 
Light-Curve 


Phase 

±0^00 .  .  . 
±0.080.  . 
=±=0. 10.  .  . 
=fco.  12  .  .  . 
±0.14.  .  . 
±0.16.  .  . 
±0.18.  .  . 
±0.20.  .  . 
±0.204.  . 
+3-546.. 
3-58... 


i-iH. 


.M, 


+ 


097 
097 
082 
056 
029 
003 
020 
034 

035 
031 


Phase 


3'?62.  . 
66.. 
70.. 
734. 
884. 
92.. 
96.. 
00.  . 
04.. 
073- 


-iH. 


+0^023 
.014 
.006 
.003 
.003 
.006 
.014 
.023 
•031 
■035 
■035 


to  be  superior,  but  for  co  =  3?35  the  secondary  minimum  should  be 
almost  of  the  same  duration  as  the  primary,  whereas  this  seems 
quite  impossible  in  the  light-curve.  I  have  computed  a  velocity- 
curve  using  the  photometric  values  ^  =  0.25,  co  =  37°,  together  with 
the  semi-amplitude  7^=  58 . 5  km/sec.  found  by  Baker.  This  curve 
differs  on  the  average  from  his  by  about  5  km/sec.  and  increases 
the  sum  of  the  squares  of  the  residuals  to  about  threefold  the 
value  in  the  original.  Consequently,  unless  there  is  some  unknown 
source  of  error  in  the  velocity  measures  this  alternative  orbit  must 
be  ruled  out. 

We  therefore  seem  forced  to  the  conclusion  which  perhaps  we 
should  have  assumed  as  true  in  the  first  place,  namely,  that  the 
line  of  apsides  is  rotating.  This  e.xplanation  has  been  overworked 
to  account  for  changes  in  the  periods  of  other  variable  stars  like 
Algol,  but,  as  has  been  said,  it  would  be  more  surprising  if  the 
major  axis  of  the  orbit  were  stationary  than  if  it  were  in  motion. 
Fortunately  there  is  no  particular  difficulty  in  the  case  of  this  star. 
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The  eccentricity  of  0.25  is  the  largest  of  any  eclipsing  system  that 
has  come  to  my  attention,  and  a  new  series  of  spectrograms  should 
easily  determine  whether  or  not  there  is  any  change  in  the  orbit. 

The  remaining  elements  of  Table  IV  down  to  the  masses  were 
found  in  the  usual  way.     The  spectroscopic  mass-function, 

ml  sin^  i 

', ; r-  =  O.I2, 

combined  with  a  reasonable  assumption  for  the  total  mass,  m^-k-m^, 
gives  the  actual  masses  and  dimensions  of  the  system.  It  is  well 
known  that  the  average  star  of  spectrum  B3  is  more  massive  than 
the  sun.  Russell'  found  for  the  total  mass  of  systems  where  the 
brighter  component  is  of  spectrum  B0-B5  the  following  averages: 

Number  of  Stars       Mass 

Spectroscopic  binaries 13  17  -S© 

Physical  pairs 8  10.4O 

From  parallactic  motions 36  7  .  i  O 

He  made  an  allowance  for  the  probable  average  inclination  of  the 
orbits.  In  Ludendorff's  list^  of  spectroscopic  binaries  with  two 
measurable  components,  nine  stars  give 

(W1+W2)  sin^  «=io.5  o  . 

It  therefore  does  not  seem  much  of  an  exaggeration  to  assume  that 
the  system  of  i  H.  Cassiopeiae  has  the  round  figure  of  ten  times  the 
mass  of  the  sun.  If  it  be  objected  that  there  is  an  observational 
preference  for  spectroscopic  binaries  of  large  velocity-variation 
and  hence  of  large  mass,  it  is  still  true  that  i  H.  Cassiopeiae  is 
simply  one  of  these  stars  for  which  there  is  such  preference.  In  any 
event,  since  the  h}^pothetical  dimensions  vary  as  the  cube  root 
of  the  assumed  mass,  we  have  a  good  approximation  as  to  the 
scale  of  this  system. 

It  is  to  be  noted  that  the  companion  is  much  more  dense  than 
the  primary;  in  fact,  the  formerly  used  assumption  of.  equal 
density  for  the  components  of  a  close  binary  would  give  with  the 
spectroscopic  mass-function  a  total  for  the  system  of  nearly  two 
thousand  times  the  mass  of  the  sun. 

^Publications  of  the  American  Astronomical  Society,  3,  327,  1917. 
^  Aslronomische  Nachrichten,  211,  105,  1920. 
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DARKENING  AT   THE   LIMB 

The  observations  furnish  a  very  good  test  of  the  darkening  at 
the  limb  of  the  brighter  star.  It  is  evident  from  Figure  2  that 
there  is  no  measurable  variation  during  the  annular  eclipse  at 
primary  minimum,  whereas  by  close  approximation  it  is  found 
that  for  a  completely  darkened  star  the  difference  would  be  o'^033 
between  internal  contact  and  conjunction.  For  the  sun  Abbot 
gives  the  intensity  at  the  edge  about  one-fourth  that  at  the  center, 
measured  in  light  of  4560  A,  which  is  close  to  the  maximum  sensi- 
tivity of  the  potassium  cell.  For  a  star  of  this  degree  of  darkening 
the  variation  during  the  annular  eclipse  would  be  o'^'o26.  Either 
of  these  amounts  of  variation  should  be  easily  detected,  as  there 
are  fourteen  normal  magnitudes  during  the  constant  light,  with  a 
probable  error  of  one  normal  equal  to  ='=o'^^oo23,  or  more  than  ten 
times  smaller  than  the  quantity  to  be  observed. 

It  seems  therefore  that  there  is  no  evidence  whatever  of  darken- 
ing at  the  limb  in  this  star  of  spectrum  class  B3.  Since  the  darken- 
ing effect  is  conspicuous  for  the  sun,  it  seems  plausible  from  this 
result  and  from  other  considerations  to  expect  that  there  is  progres- 
sive darkening  in  the  spectral  types,  ranging  from  almost  nothing 
in  the  B  stars  to  extreme  effects  in  classes  K  and  M.  For  a  number 
of  years  I  have  been  trying  to  find  an  eclipsing  red  star,  but  as  is 
well  known  there  are  very  few  spectroscopic  binaries  of  short 
period  and  "late"  types  of  spectrum.  Somewhere  in  space  there 
must  be  such  a  star  which  as  viewed  from  the  earth  has  a  companion 
which  will  conveniently  move  across  the  disk  of  the  primary,  but 
the  probability  of  the  early  discovery  of  such  a  case  by  present 
methods  seems  small  indeed. 

I  am  indebted  to  Messrs.  Elmer  Dershem  and  C.  C.  Wyhe  for 
some  of  the  observations  described  in  this  paper,  and  to  Miss  Iva 
Hamlin  for  many  of  the  reductions;  while  any  communication  on 
photo-electric  photometry  should  be  ascribed  in  part  to  my  col- 
league. Dr.  Jakob  Kunz,  whose  long  collaboration  in  the  physics 
laboratory  was  the  preliminary  to  all  of  our  work  at  the  telescope. 
I  also  return  my  thanks  to  the  Draper  Committee  of  the  National 
Academy  of  Sciences  for  grants  in  support  of  this  and  other  similar 
investigations. 

University  of  Illinois  Observatory 
June  1920 


MUTUAL  INFLUENCE  OF  FRAUNHOFER  LINES 

By  W.  H.  JULIUS 
ABSTRACT 

Dispersion  theory  of  Fraunhofer  lines. — This  theory,  which  assumes  that  the  lines 
are  almost  entirely  the  effect  of  anomalous  refraction  and  scattering,  was  developed 
by  the  author  some  years  ago  and  led  to  the  prediction  and  discovery  of  the  mutual 
influence  of  neighboring  Fraunhofer  lines  for  which  conclusive  evidence  is  presented  in 
the  paper.  The  existence  of  this  effect,  not  otherwise  explained  as  yet,  is  considered 
by  the  author  to  powerfully  support  this  theory.  He  concludes  that  anomalous 
dispersion  is  a  most  effective,  perhaps  the  only,  cause  of  the  entire  limb-center  shifts 
and  must,  therefore,  also  produce  center-arc  shifts.  If  so  the  gravitational  shift  required 
by  the  general  relativity  theory  may  not  exist. 

Mutual  influence  of  neighboring  Fraunhofer  lines. — Of  the  866  lines  for  which  the 
limb-center  shifts  were  measured  at  Mt.  Wilson  in  igio  or  at  Kokaikanal  Observatory 
in  1914-16,  128  have  close  companions  which  may  be  expected  on  theoretical  grounds 
to  influence  their  position.  A  study  of  the  observations  shows  that  there  is,  without 
doubt,  a  mutual  influence  equal,  on  the  average,  to  2/5  of  the  normal  limb-center 
shift,  a  companion  on  the  violet  side  causing  an  increase,  a  companion  on  the  red  side 
a  decrease,  of  the  shift. 

I.      REMARKS    ON   THE    INTERPRETATION    OF    THE    SPECTRA    OF 
CELESTIAL   BODIES 

Since  Kirchhoff's  brilliant  discovery  we  have  known  that 
the  dark  and  bright  lines  in  the  spectra  of  heavenly  bodies  reveal 
to  us  the  presence  in  them  of  those  elements  which  on  earth  are 
characterized  by  the  same  lines.  The  overwhelming  number  of 
coincidences  of  Fraunhofer  lines  with  lines  of  spectra  produced  in 
the  laboratory  leaves  no  doubt  as  to  the  validity  of  this  inference. 

By  no  means  equally  safe  is  the  conception,  tacitly  admitted  at 
the  same  time  and  accepted  as  a  fundamental  truth  in  astrophysics, 
that  the  bright  lines  of  cosmical  spectra  are  entirely  due  to  specific 
emission,  the  dark  lines  to  selective  absorption,  of  light  by  the 
gases  we  recognize  in  the  spectra.  It  was  shown,  indeed,  in 
1900^  that  bright  as  well  as  dark  lines  may  also  appear  as  a  result 
of  anomalous  dispersion  by  refracting  media,  not  only  in  laboratory 
experiments,  but  also  under  conditions  very  likely  to  obtain  in 
large  gaseous  bodies.     In  1904^  we  proposed  the  name  dispersion 

'  W.  H.  Julius,  Proceedings  of  the  Royal  Academy  of  Amsterdam,  2,  580,  1900; 
Astro  physical  Journal,  12,  191,  1900. 

^Proceedings  of  the  Royal  Academy  of  Amsterdam,  7,  134,  140,  323,  1904;  Astro- 
pky steal  Journal,  21,  271,  278,  286,  1905. 
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hands  or  dispersion  lines  for  this  new  type  of  spectral  phenomena, 
and  have  since  made  them  the  subject  of  extensive  investigations 
in  the  Physical  Laboratory  of  the  University  of  Utrecht.^ 

The  wave-lengths  involved  in  the  production  of  dispersion  lines 
do  not  in  general  coincide  with  those  corresponding  to  the  free 
periods  characteristic  of  the  elements  constituting  the  refracting 
medium,  but  often  differ  so  Httle  from  them  that  dispersion  lines 
may  easily  be  mistaken  for  emission  or  absorption  lines,  the  more 
so  as  several  causes  are  known  by  which  real  emission  or  absorption 
lines  appear  widened  and  slightly  displaced. 

Various  considerations  concerning  a  great  number  of  solar 
phenomena  have  led  us  to  introduce  the  hypothesis  that  the 
irregular  distribution  of  the  different  kinds  of  light  on  and  around 
the  solar  disk  is  chiefly  dependent  on  anomalous  refraction  and 
scattering,  and  that  the  darkness  of  the  lines  in  the  solar  spectrum 
is  almost  entirely  due  to  the  same  occurrence,  so  that  we  may 
presuppose  that  Fraunhofer  lines  are  mainly  dispersion  lines. 

This  hypothesis  has  of  course  met  with  severe  criticism  and 
opposition,  for,  if  it  should  prove  to  be  inevitable,  many  problems  of 
astrophysics  would  appear  under  a  new  light  and  require  remodeling.^ 
It  was  quite  reasonable  that  these  somewhat  revolutionary  ideas 
should  be  looked  upon  with  skepticism  so  long  as  the  observed 
phenomena  could  also  be  accounted  for  by  current  theories. 

As,  however,  the  above-stated  hypothesis  recommended  itself 
from  many  points  of  view,  we  have  been  in  search  of  such  phe- 
nomena as  might  easily  be  explained  by  it  and  would  leave  the  old 
interpretation  of  the  solar  spectrum  hopelessly  inadequate.^ 

■  Aslrophysical  Journal,  25,  95,  1907;  Proceedings  of  the  Royal  Academy  of  Amster- 
dam, 12,  266,  1909;  Aslrophysical  Jottrnal,  31,  419,  1910;  Le  Radium,  7,  October, 
1910;  Proceedings  of  the  Royal  Academy  of  Amsterdam,  13,  881,  1263,  1911;  The 
Observatory,  37,  252,  1914;  Aslrophysical  Journal,  40,  i,  1914;  43,  43,  1916;  Archives 
neerlandaiscs  (III  A),  4,  51,  150,  1917;  5,  116,  1918.  Cf.  also  the  inaugural  disserta- 
tions by  Dr.  B.  J.  van  der  Plaats,  Utrecht,  191 7  (also  published  in  Archives  neer- 
landaiscs [III  A],  5,  132),  and  by  Dr.  P.  H.  van  Cittert,  Utrecht,  1919. 

'  In  the  Aslrophysical  Journal,  43,  43,  1916,  we  have  discussed  the  principal 
objections  made,  up  to  that  time,  against  an  extended  application  of  anomalous 
dispersion  in  astrophysics. 

3  It  may  here  be  remembered  that  the  general  displacements  of  Fraunhofer  lines 
toward  the  red  exhibit  certain  features  for  which  neither  pressure  nor  motion  can 
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Thus  we  were  led  to  the  discovery  of  mutual  influence  of 
neighboring  Fraunhofer  lines,  a  phenomenon  required  by  the 
anomalous  dispersion  theory,  but  not  explainable  if  Fraunhofer 
lines  are  assumed  to  be  mere  absorption  lines. 

2.      PREVIOUS   WORK   ON  MUTUAL  INFLUENCE 

The  predicted  effect  depends  on  the  degree  of  distortion  which 
the  dispersion-curve  around  a  line  suffers  when  another  line  is 
near.^  If  such  a  distortion  really  gives  rise  to  a  sensible  change 
in  the  distribution  of  the  light  in  a  line  (manifesting  itself  as  a 
small  variation  of  the  displacement  of  its  ''center  of  gravity"), 
we  may  conclude  that  anomalous  dispersion  is  the  dominating 
factor  in  the  production  of  the  entire  width  of  the  line.  The 
other  assumption,  indeed,  that  in  the  production  of  the  lines 
anomalous  dispersion  should  only  be  insignificant,  or  of  secondary 
importance,  would  exclude  the  perceptibility  of  a  universal  effect 
caused  by  a  mere  distortion  of  the  dispersion  curve.  We  shall 
revert  to  this  inference  at  a  later  stage. 

Considering  the  way  in  which,  according  to  our  theory,  dis- 
persion lines  originate  and  influence  each  other  (as  illustrated  by 
the  diagram  in  Astrophysical  Journal,  43,  51,  1916),  it  is  easily 
realized  that  we  shall  be  dealing  with  displacements  amounting  to 
only  small  fractions  of  the  widths  of  the  lines.  In  a  search  after 
mutual  influence  the  very  best  measurements  made  with  the  most 
powerful  instruments  had  therefore  to  be  examined. 

The  result  of  our  first  attempt  to  detect  the  phenomenon  in  St. 
John's  measurements  of  the  Evershed  effect  in  sun-spots,  although 
positive,^  was  not  sufficiently  convincing,  owing  to  the  difficulty 
of  correctly  estimating  "normal"  displacements.     St.  John,^  indeed, 


account,  and  only  the  dispersion  theory  affords  a  direct  explanation  free  from  addi- 
tional h>T3otheses.  Such  features  are:  the  great  disparity  of  the  displacements  on  the 
one  hand,  and,  on  the  other  hand,  the  simple  law  connecting  the  displacement  with  the 
intensity  of  the  lines  when  mean  values  of  the  displacement  for  each  intensity  class 
are  compared  {Astrophysical  Journal,  40,  27-29,  1914;  Archives  neerlandaises  [III  A], 
4,  59.  1917)- 

"Julius,  Astrophysical  Journal,  40,  11,  1914;   43.  50,  1916. 

^  Ibid.,  40,  I,  1914;  Archives  neerlandaises  (III  A),  4,  51,  1917. 

^Astrophysical  Journal,  41,  28,  1915;  Mt.  Wilson  Conir.,  No.  93. 
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concluded  from  his  own  measurements  (supplemented  for  the 
purpose)  that  there  was  not  the  shghtest  indication  of  mutual 
influence  of  Fraunhofer  lines. 

Then  followed  two  papers  on  the  subject  by  S.  Albrecht,^  in 
which  it  was  shown  that,  in  the  general  solar  spectrum,  iron  lines, 
having  close  companions,  are  systematically  displaced,  in  perfect 
accordance  with  the  requirements  of  the  theory  of  anomalous 
dispersion. 

We  have  called  attention  to  the  fact  that  this  positive  result 
was  compatible  with  St.  John's  above-mentioned  negative  con- 
clusion (which  may  prove  untenable  in  future)  because  in  the 
Evershed  effect  mutual  influence  is  of  a  somewhat  different  nature^ 
and  generally  will  produce  smaller  variations  of  the  displacements 
there  than  in  the  case  studied  by  Albrecht,  where  wave-lengths 
of  Rowland's  tables  are  compared  with  wave-lengths  derived 
from  international  standards. 

In  a  paper  entitled  "Observational  Evidence  That  the  Relative 
Positions  of  Fraunhofer  Lines  Are  Not  Systematically  Affected 
by  Anomalous  Dispersion,"^  St.  John  again  vigorously  defended 
the  old  standpoint.  Controlling  and  supplementing  by  new 
measurements  the  work  of  Albrecht,  he  found  the  principal  facts 
mentioned  by  that  author  generally  confirmed,''  but  rejected  their 
interpretation  on  the  basis  of  anomalous  dispersion.  He  substi- 
tuted an  explanation  according  to  which  the  apparent  repulsion 
was  considered  to  be  due  to  systematic  "errors"  in  Rowland's 
wave-length  determinations,  occurring  wherever  close  pairs  of 
lines  had  been  measured,  and  probably  caused  by  inequality  of 
contrast  on  the  two  sides  of  either  Kne.  This  view  he  founded 
on  the  following  observation.  When  remeasuring  such  pa;irs  on 
negatives,  specially  prepared  on  Mount  Wilson  so  as  to  give  the 
clearest  possible  separation  of  the  components,  St.  John  found 
the  alleged  repulsions  to  be  smaller  or  even  absent. 

•In  our  opinion  this  result  furnishes  no  proof  whatsoever  against 
the  real  existence  of  mutual  influence,  because  the  method  by  which 

^  Aslrophysical  Journal,  41,  333,  1915;   44,  i,  1916.  *  Ibid.,  p.  23. 

^  Julius,  Astrophysical  Journal,  43, 40, 1916. 

^  Astro  physical  Journal,  44,  311,  1916;   Mi.  Wilson  Conlr.,  Xo.  123. 
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those  "most  suitable"  plates  have  been  obtained  has  very  likely 
led  to  a  partial  effacement  of  the  asymmetrical  dispersion  lines 
leaving  mainly  their  cores  visible,  which  are  not  displaced  (the 
Larmor  effect^  being  imperceptible).  That  an  overestimation  of 
the  distance  of  the  components  of  narrow  pairs  by  Rowland  should 
only  be  an  "error,"  an  effect  of  contrast,  and  not  a  consequence 
of  real  as>Tnmetry  of  the  Fraunhofer  lines,  has  not  been  proved 
by  St.  John.  We  have  amply  discussed  these  points  in  a  paper 
on  displacement  of  dispersion  lines,  communicated  to  the  Amster- 
dam Academy  at  the  meeting  of  March  31,  1917.^ 

Royds^  objected  to  Albrecht's  method  that  the  wave-lengths 
compared  by  that  author  for  determining  the  displacements  had 
been  measured  on  different  plates.  He  himself,  therefore,  used 
the  measurements  of  Evershed  and  Royds  concerning  plates  on 
which  terrestrial  and  Fraunhofer  lines  could  be  directly  compared, 
and  found  that  17  lines  with  companion  on  the  red  side  gave  a 
mean  sun-arc  displacement  toward  the  red  of  only  0.0032  A, 
whereas  30  lines  with  a  companion  on  the  violet  side  gave  a  mean 
displacement  toward  the  red  of  0.0079  A.  This  result  confirms 
substantially  Albrecht's  conclusions;  Royds  nevertheless  rejects 
the  explanation,  considering  the  differences  too  small,  but  offers 
no  other  solution. 

In  Kodaikanal  Bulletin  No.  49,  155,  1916,  Evershed  and  Royds 
allude  with  some  reluctance  to  the  possible  utility  of  taking  anoma- 
lous dispersion  into  account;  yet  they  assert  that  principle  to  be 
ruled  out  as  an  effective  agent  in  displacing  solar  lines,  because  they 
believe  that  a  close  agreement  in  the  separations  of  arc  and  solar 
double  lines  has  been  sufficiently  proved. 

A.  S.  King'^  went  still  farther  in  the  negation  of  anomalous 
dispersion  as  a  cause  of  line  displacement.  He  concluded,  from  a 
study  with  the  electric  furnace  under  conditions  which  he  believed 

■  J.  Larmor,  The  Observatory,  39,  103  and  230,  1916. 

'Julius,  Archives  neerlandaiscs  (III  A),  5,  116,  igi8. 

3  Bulletin  of  Kodaikanal  Observatory,  No.  48. 

^Proceedings  of  the  National  Academy  of  Science,  2,  461,  1916;  Communications 
from  the  Mount  Wilson  Observatory,  No.  31;  Astrophysical  Journal,  45,  254-268,  191 7; 
Mt.  Wilson  Contr.,  No.  130. 
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to  be  very  favorable  for  the  appearance  of  mutual  influence  if  there 
were  any,  that  even  then  no  trace  of  such  an  effect  was  found.  I 
have  shown/  however,  that  King  misunderstood  the  nature  of  the 
expected  effect.  His  experiments  and  conclusions  did  not  bear 
on  "dispersion  lines."  If  he  had  first  produced  true  dispersion 
lines,  he  would  have  found — as  I  did  in  1906,  and  B.  J.  van  der 
Plaats,  using  an  improved  method,  in  1917^ — that  displacements 
and  mutual  influence  of  such  lines  may  be  demonstrated  at  will. 

It  remained,  nevertheless,  desirable  to  establish  the  existence 
of  mutual  influence  of  Fraunhofer  lines  in  cases  where  neither 
personal  error  nor  photographic  effects  nor  complication  with 
possible  errors  in  the  determination  of  terrestrial  wave-lengths 
could  have  systematically  distorted  the  result  of  the  measurements. 

3.      MUTUAL  INFLUENCE   OF   FRAUNHOFER   LINES   AS   APPEARING    IN 
THE   LIMB-CENTER  DISPLACEMENT. 

Adequate  material  for  our  purpose  is  to  be  found  in  W.  S, 
Adams'  measurements,  made  on  Mount  Wilson,  of  the  displace- 
ments of  467  lines  in  the  spectrum  of  the  sun's  limb  as  compared 
with  the  spectrum  of  the  center  of  the  disk,^  and  in  similar  data 
concerning  399  lines  obtained  at  the  Kodaikanal  Observatory 
by  J.  Evershed,  T.  Royds,  and  A.  A.  Narayana  Ayyar.^ 

With  very  few  exceptions  these  lines  are,  in  the  limb  spectrum, 
shifted  toward  the  red  with  respect  to  their  positions  in  the  central 
spectrum.  Limb-center  shifts  are  of  the  same  order  as  center-arc 
shifts;  on  the  average,  they  are  a  Uttle  larger.  Evershed  has 
convincingly  shown  that  these  displacements  cannot  be  due  to 
pressure,  while  the  explanation  proposed  by  himself,  based  on 
Doppler  effect  and  requiring  the  existence  of  a  specific  repulsive 
force  exerted  by  the  earth  on  the  solar  gases,  appears  inacceptable. 
As  it  is  also  inconceivable  that  difference  of  gra\atational  potential 
should  play  any  perceptible  part  in  this  limb-center  phenomenon, 
we  have  anomalpus  dispersion  left  as  the  only  basis  on  which  to 
explain  it. 

^Archives  neerlandaises  (III  A),  5,  116,  1918. 
^  Astrophysical  Journal,  31,  30,  1910;  Mt.  Wilson  Contr.,  No.  43. 
3  Evershed  and  Royds,  Bulletin  of  Kodaikanal  Observatory,  Xo.  39, 1914;  Narayana 
Ayyar,  ibid.,  No.  44,  1914;  Royds,  ibid.,  No.  53,  1916. 
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Assuming  Fraunhofer  lines  to  be  dispersion  lines  which  in 
general  are  more  developed  on  their  side  facing  toward  the  red^ 
(owing  to  Wo  being,  as  a  rule,  >i),  we  have  shown  elsewhere  that 
the  apparent  displacements  of  those  lines  with  respect  to  the 
positions  of  their  cores  must  increase  from  the  center  of  the  solar 
disk  toward  the  limb.  (The  opportunity,  indeed,  for  the  light 
that  comes  from  an  incandescent  solar  core  to  be  irregularly 
refracted  and  scattered  by  the  gaseous  envelope  increases  as  we 
approach  the  limb.)  The  difference  between  the  spectrum  of  the 
limb  and  the  spectrum  of  the  center  may  therefore  be  an  almost 
pure  dispersion-effect,  all  other  causes  of  hne-displacements  at 
present  known  failing  to  require  a  systematic  increase  from  the 
center  of  the  disk  outward. 

It  was  an  important  and  a  dehcate  question  how  to  select  from 
the  Mount  Wilson  and  Kodaikanal  tables  those  lines  for  which,  from 
the  point  of  view  of  the  dispersion  theory,  an  excess  or  a  deficiency 
of  displacement  toward  the  red  was  to  be  expected.  In  collabora- 
tion with  Dr.  P.  H.  van  Cittert,  chief  assistant  at  the  physical 
laboratory,  and  Dr.  M.  Minnaert,  principal  observer  in  the  helio- 
physical  department,  we  agreed  on  the  following  procedure. 

The  columns  containing  the  observed  displacements  were 
covered  with  strips  of  paper,  in  order  to  avoid  that  the  choice 
might  be  influenced  by  a  previous  knowledge  of  the  results  of  the 
measurements.  Then  the  region  surrounding  every  line  occurring 
in  the  original  tables  was  inspected  on  the  atlases  of  Rowland  and 
of  Higgs  in  order  to  ascertain  whether  the  line  might  be  presumed 
to  have  an  "effective"  companion.  The  criteria  for  effectiveness 
employed  by  us  will  be  mentioned  on  page  io6. 

In  the  first  column  of  our  Tables  I  and  II  we  entered  the  wave- 
lengths and  elements,  in  the  second  column  the  intensities^  of 
those  lines  of  the  original  lists  which  we  suspected  to  be  appreci- 
ably influenced  by  neighboring  lines.  The  Mount  Wilson  and 
the  Kodiakanal  data  have  been  kept  separate  because  it  was  inter- 

'  For  a  systematic  deduction  of  the  properties  of  Fraunhofer  lines  from  the  dis- 
dersion  theory  we  must  especially  refer  to  Proceedings  of  the  Royal  Academy  of  Amster- 
dam, 12,  279,  1909;  Astrophysical  Journal,  31,  419,  1910;  Le  Radhnn,  7,  October, 
1911;  Proceedings  of  the  Royal  Academy  of  Amsterdam,  13,  881,  1911. 

*  The  intensities  apply  to  the  spectrum  of  the  center  of  the  disk,  as  given  by 
Rowland. 
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esting  to  compare  the  results  given  by  two  entirely  independent 
series  of  observations.  The  next  four  columns  contain  the  data 
concerning  neighboring  lines,  the  third  and  fourth  referring  to 
companions  on  the  violet  side,  the  fifth  and  sixth  to  companions  on 
the  red  side;  the  distances  X— Xt,  and  X^— X  of  these  companions 
from  the  lines  of  the  first  column,  and  their  intensrties,  are  taken 
from  Rowland's  wave-length  tables.  The  figures  of  the  seventh 
column  refer  to  the  criteria  and  considerations  used  to  decide 
on  the  probable  effectiveness  of  the  companions;    the  resulting 


MOUNT  WILSON 


KODAIKANAL 


4000         50OO         6000         4000         5000         6000     A£. 

Fig.  I. — Diagram  showing  displacements  of  128  lines  having  a  close  companion 
on  the  violet  side  (full  dots)  or  on  the  red  side  (circles). 


forecast  is  indicated  by  V ,  or  i^,  or  —  in  the  eighth  column,  meaning 
that  we  expect  a  repulsion  from  the  violet  side,  or  from  the  red 
side,  or  no  effect.  In  the  ninth  and  tenth  columns  are  given 
the  observed  displacements  5„  and  5^,  expressed  in  o.ooi  A,  for 
the  cases  V  and  R  separately.  They  are  plotted  in  Fig.  i,  where 
full  dots  represent  the  displacements  of  lines  with  companion  on 
the  violet  side,  circles  those  of  lines  with  companion  on  the  red  side.^ 
That  the  full  dots  average  higher  than  the  circles  is  obvious  at  a 
glance. 

'  Four  dots  and  two  circles,  distinguished  by  a  cross  (X),  would  fall  out  if  criteria 
7  and  9  were  not  applied. 
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It  should  be  remembered  that,  theoretically,  for  each  individual 
dispersion  line  the  magnitude  of  the  displacement  is  not  completely 
determined  by  the  positions  and  intensities  of  its  closest  companions, 
but  depends  also  on  «o  (the  value  which  the  refractive  index  of 
the  medium  would  have  for  the  examined  region  of  the  spectrum, 
if  that  special  pair  or  group  of  lines  were  absent).  As  fio  fluctuates 
along  the  spectrum,  there  will  be  a  corresponding  variation  of  the 
magnitude  of  the  displacements,  on  which  the  effects  of  mutual 
influence  of  neighbors  are  superposed.'  This  explains  the  mutual 
penetration  of  the  swarms  of  full  dots  and  circles  in  Fig.  i . 

Before  proceeding  to  a  numerical  discussion  of  the  result 
embodied  in  the  diagram,  we  have  still  to  mention  the  criteria 
used  in  selecting  the  lines. 

I.  By  way  of  initial  sifting  we  considered  a  line  to  be  probably 
influenced  if  it  had  a  companion  of  intensity  i  (Rowland  scale) 
at  a  distance  d  or  less,  corresponding  values  of  i  and  d  being  as 
in  Table  III: 

TABLE  III 


o  and  I 

d 
0.1  A 

2,  3.  4 

0.  2 

5.  6,  7,  8 

0.3 

9  and  higher 

0.4 

These  limits  served  only  as  a  general  guide;  we  departed  from 
them  whenever  one  or  more  of  the  following  cases  were  in  evidence. 
(Criterion  i  having  been  applied  to  every  line  of  Tables  I  and  II, 
it  was  unnecessary  to  mention  it  in  the  seventh  column.) 

2.  Lines  of  intensity  >io  were  omitted  from  the  list  of  influ- 
enced lines,  because  they  are  only  httle  subject  to  the  general 
limb-center  displacement  ascribed  by  us  to  anomalous  dispersion 
(cf.  Astro  physical  Journal,  40,  28,  19 14),  and  because  from  our 
point  of  view  we  cannot  expect  their  degree  of  asymmetry  to  be 
sensibly  changed  by  close  neighboring  lines. — Example:  X  5167 . 497, 
intensity  15,  was  not  considered  to  be  influenced  by  X  5167.678, 
intensity  5. 

'  Cf.  B.  J.  van  der  Plaats,  Dispersiel'ynen  (thesis,  Utrecht,  191 7),  where  the  process 
is  elucidated  by  experiments. 
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3.  Deviation  from  the  rigid  limits  of  Table  III  was  admitted 
when  justified  or  demanded  by  special  conditions.  A  companion, 
e.g.,  of  intensity  5  at  a  distance  of  0.30  A  from  the  line  under 
examination  was  considered  effective  only  if  other  favorable 
circumstances  could  be  indicated  (cf.  criteria  5,  6,  9);  whereas  a 
companion  of  intensity  8  was  included  even  though  its  distance 
might  be  0.31  or  0.32  A. — Example:  X  3958.073,  intensity  2, 
was  not  considered  to  be  influenced  by  X  3958.355,  intensity  5. 

4.  Lines  presumed  to  be  subject  to  nearly  equal  repulsions  from 
opposite  sides  were  canceled. — Example:  X  4076. 792,  intensity  4, 
influenced  by  X  4076.644,  intensity  2,  and  X  4076.959,  intensity  2, 
was  excluded  from  the  list. 

5.  If,  on  the  other  hand,  a  line  is  remafkably  free  from  neighbors 
on  one  side,  a  companion  on  the  other  side  may  be  expected  to  show 
a  somewhat  greater  effect. — Example:  X  4469.316,  intensity  i, 
is  considered  to  be  influenced  by  X  4469 .  545,  intensity  4,  although 
the  distance  be  >o.  2  A. 

6.  Two  or  more  companions  on  the  same  side  of  a  line  were 
supposed  to  join  their  effects;  such  a  group  might  be  considered 
effective  even  if  the  individual  members  were  not. — -Example: 
X  4385.548,  intensity  2,  is  included  because  influenced  by  a  group 
of  companions  on  the  violet  side,  whereas  its  companions  on  the 
red  side  are  few  and  much  weaker. 

7.  Both  the  Mount  WJson  and  the  Kodaikanal  observations 
show  that  the  limb-center  displacements  are  greatest  for  lines  of 
medium  intensity.  We  therefore  considered  it  also  a  favorable 
circumstance  for  a  line  to  be  sensibly  repeUed  by  a  neighboring 
line,  if  the  intensity  of  the  influenced  line  is  around  5  or  6. — 
Example:  X  4531.327,  intensity  5,  was  taken  to  be  influenced 
by  ^4531-123,  intensity  2,  though  the  distance  is  a  little  greater 
than  0.2  A. 

8.  Scarcely  separable  double  lines  were  excluded  from  the  list 
of  influenced  lines  on  account  of  the  difficulties  involved  in  deter- 
mining their  positions.  Such  double  lines  are:  (a)  lines  resolved 
by  Rowland,  but  treated  as  a  whole  by  Adams  (e.g.,  X  4482.3, 
intensity  8,  =X  4482.338,  intensity  5,  -fX  4482.438,  intensity  3); 
{h)  lines  with  affix  d  in  Rowland's  table;  (c)  lines  affixed  by  Rowland 
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with  d?,  which  means  "very  difl&cult  to  separate";  among  these, 
however,  the  line  X  4035.883  was  included  in  the  list  because 
Rowland,  in  a  footnote,  doubted  its  duplicity;  (d)  lines  to  which 
correspond,  according  to  Rowland,  two  terrestrial  lines  belonging  to 
different  elements,  but  of  scarcely  different  wave-lengths  (indi- 
cated, e.g.,  thus:  Ni-Fe).  There  are,  however,  exactly  coinciding 
lines  due  to  different  elements  (denoted,  e.g.,  Ni,  Fe  by  Rowland) ; 
these  were  of  course  not  excluded  if  they  had  effective  com- 
panions. The  corrections  and  additions,  published  by  Rowland 
in  Astrophysical  Journal,  2,  384,  1897,  were  taken  into  con- 
sideration, 

9.  The  influence  exerted  by  slightly  nebulous  lines  (indicated 
by  s  in  Rowland's  table)'  was  supposed  to  a  be  little  greater  than 
that  of  sharp  lines  of  the  same  intensity. — Example:  X  4435. 129, 
intensity  5,  was  considered  to  be  influenced  by  X  4435 .321,  intensity 
2,  s,  in  spite  of  criterion  3  (but  also  on  account  of  criterion  7). 

10.  As  illustrated  by  the  last  example,  one  had  to  balance 
and  compromise  whenever  more  than  one  of  the  foregoing  considera- 
tions were  applicable. 

The  selection  of  the  lines  was  first  made  independently  by  Dr. 
van  Cittert  and  Dr.  Minnaert,  who  thereupon  compared  their 
lists  and  deliberated  on  difficult  or  dubious  cases.  In  the  final 
checking  of  the  tables  I  took  part. 

4.      NUMERICAL  DISCUSSION   OF   THE   RESULTS 

Even  a  superficial  study  of  the  diagram  suffices  to  produce 
the  conviction  that  mutual  influence  of  Fraunhofer  lines  is  a  reality. 
Meanwhile  it  will  be  interesting  to  investigate  how  far  the  conclu- 
sions are  corroborated  on  closer  examination  of  the  result.  We 
shall  therefore  compare  numerically  the  average  influence  of 
neighboring  lines  on  the  displacements  with  the  mean  limb-center 
shifts  observed  in  the  successive  regions  of  the  spectrum. 

The  two  curves  in  our  diagram  show  those  mean  displacements. 
To  obtain  these,  we  have  plotted,  at  intervals  of  100  A,  the  mean 
values  of  all  limb-center  shifts'  measured  by  Adams  and  by  the 

'  Lines  of  intensity  >  10  have  been  omitted. 
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Kodaikanal   observers,    respectively,    and   drawn   smooth   curves 
through  the  points.' 

In  the  eleventh  columns  of  our  Tables  I  and  II  are  given  the 
values  5,„  of  the  ordinates  of  the  curves  at  the  places  corresponding 
to  the  wave-lengths  of  the  first  column.  The  twelfth  and  thirteenth 
columns  contain  the  values  of  the  expressions 

Z),  =  ^V^    and    A=^V^. 


These  expressions  were  considered  preferable  to  b-o  —  bm  and  5^  —  5;,, 
as  a  measure  of  influence,  since  the  gradual  progressing  of  dispersion- 
effects  with  wave-length  was  thus  eliminated.  A  and  Dr  are 
"relative  departures"  from  the  curve;  we  shall  refer  to  them  as 
* '  departures ' '  simply.^ 

Addition  of  the  numbers  in  columns  12  and  13  gives,  for  the 
Mount  Wilson  observations: 

2Z>„=-f7.3i  (18  lines)— 1 .08  (  7  lines)  =  +6.23  (25  lines), 
2Z);.=  -|-i  .24  (  4  lines)  — 9.12  (19  lines)  =  —  7  .88  (23  Hnes), 

2A-f  SA=  - 1 .65  (48  hnes), 

which  indicates  that  the  group  of  influenced  lines,  as  a  whole,  had 
a  small  negative  departure: 

1.65 

=  -0.0344. 


48 

'  The  rather  great  difference  between  the  two  curves  is  perhaps  partly  due  to  the 
different  selection  of  the  lines.  Among  the  Kodaikanal  lines  more  than  94  per  cent 
belong  to  Fe,  Ni,  and  Ti,  the  rest  to  Ca,  Na,  Si,  Mg;  whereas  the  Mount  Wilson 
lines  are  taken  from  a  greater  variety  of  elements.  The  proportion  of  very  weak  lines 
(intensity  00,  o,  and  i,  showing  as  a  rule  small  displacements)  is  21.9%  in  the 
Kodaikanal,  and  only  12.4%  in  the  Mount  Wilson  number  of  measured  lines.  It  is 
also  possible  that  the  average  magnitude  of  the  displacements  varies  from  year  to 
year,  following  the  spot-cycle. 

^  In  a  recent  paper  on  "The  General  Relativity  Theory  and  the  Solar  Spectrum" 
by  W.  H.  Julius  and  P.  H.  van  Cittert  {Proceedings  of  the  Royal  Academy  of  Amsterdam, 
23,  522,  1921),  in  which  a  preliminary  account  was  given  of  some  of  the  results 
mentioned  in  this  paper,  we  denoted  the  differences  themselves  as  "departures." 
Our  present  procedure  (in  which,  moreover,  still  greater  care  has  been  given  to  the 
selection  of  the  lines)  leads  to  somewhat  improved  numerical  results,  without,  however, 
altering  the  character  of  the  conclusions  there  attained. 
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Referring  the  individual  departures  to  the  average  position  of 
the  group,  we  therefore  have  to  apply  the  correction  +0.0344  to 
each  of  them.  This  brings  two  of  the  negative  values  of  Dj,  over 
to  the  positive  side,  and  we  obtain: 

corrected  XDj,=  -\-j  .g6  (20  lines)  — 0.87  (  5  lines)  =  +  7. 09  (25  lines), 
corrected  XDr=-\-i  .38  (  4  lines)  — 8.47  (19  lines)  =  — 7.09  (23  lines), 

whence  the  mean  departure  for  a  line  with  violet  companion  is: 

n  _  +  7  o9_  I  ^  ,0, 

Ut  = =  -1-0.204,  / 

and  the  mean  departure  for  a  line  with  red  companion: 

23  ^ 

We  are  now  in  a  position  to  answer  the  following  question: 
Suppose  there  were  no  systematic  influence  involved  in  the  origin 
of  these  departures,  what  would  be  the  probability  for  25  lines, 
taken  at  random  out  of  our  group  of  48  lines,  to  give  a  mean  depar- 
ture as  great  as  0.284,  or  for  23,  Knes  to  give  —0.308? 

The  average  value  of  the  48  corrected  departures,  irrespective 
of  signs,  is 

18.68 
^=-^=0.389; 

the  probable  value,  therefore,  of  a  single  departure  is 

r  =  pT/7r-7j  =  o. 8453X0. 389  =  0. 329, 

by  which  the  "precision  h  =  -=— of  the  group"  is  character- 
ized. 

Now,  taking  at  random  25  cases  out  of  our  group,  the  measure 
of  precision  of  their  arithmetical  mean  is  hV  25,  hence  the  probable 

r 

departure  of  that  mean  will  be  ro=    / —  =  0.066. 

1/  25 
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Our  actual  selection,  however,  was  not  at  random;  we  took 
25  lines  with  companion  on  the  violet  side  and  found  a  mean 
departure 

A= +0.284  =  4. 30  ro. 

Applying  the  same  reasoning  to  the  23  lines  with  red  companion, 

V 

for  which  r'o  =  —7-=-  =  o .  068,  we  obtain 

1/23 

-Dr= -0.308= -4.50  r;;. 

Since  Vo  and  r'o  differ  very  little,  the  probability  for  a  departure 
to  lie  between  +4.30  r^  and  —  4.50  ^o  will  be  nearly  expressed  by 


2        /    4.4P 

-7=  1        e-^dt 
Vir 


(in  which  p  =  /?fo=o.477),  the  value^  of  this  integral  being  0.997. 
So  there  is  only  0.003  l^^t  for  the  probability  that,  by  mere  chance, 
the  two  selected  groups  should  be  so  widely  separated  as  they 
really  are. 

The  Kodaikanal  observations,  treated  similarly,  lead  to  the 
following  equations: 

2Z)p=  +  28.6i  (30  lines)—   2.41  (  6  lines)  =  +  26. 20  (36  lines), 

SZ>;.=  +  5.69  (15  lines)  — 16.22  (29  lines)  =  —  10.53  (44  lines), 

SZ)„+SA=  +15  .67  (80  lines), 
whence  correction :    —  o .  1 96 1 . 

corrected  SZ)o= +23  .26  (27  lines)—  4.11  (  9  lines)  =  +  19  .15  (36  lines), 
corrected  SZ>f=+  3.26  (11  lines)  — 22  .42  (33  lines)= —  19.16  (44  lines), 

A= +0.532  D,= -0.435 

-^-■564 

r  =  p|/7r'i7  =  o.477 

ro=^=  =  o.o795  ri=— =  =  0.0719 

1/36  1/44 

A=+6.68ro  Dr=-6.osr'o 

2       /^6.36p 


'ttJo 


.     .  e   'W/  =  0.999990, 

Chauvenet,  Spherical  and  Practical  Astronomy,  2,  Table  IX  A. 
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from  which  follows  that  in  this  series  of  observations  there  is  left  no 
more  than  o.ooooi  for  the  probabiUty  of  a  purely  accidental  sepa- 
ration, as  great  as  observed,  between  the  two  selected  groups. 

Since  the  Mount  Wilson  and  Kodaikanal  sets  of  data  are 
mutually  independent,  the  probabihty  that  they  should  both  have 
given  such  a  striking  separation  by  mere  chance  is  0.003X0.00001. 

We  may  therefore  conclude  that  the  actual  existence  of  mutual 
influence  of  Fraunhofer  lines  has  been  proved  with  a  probability  of 
more  than  10''  to  i. 

5.      CONSIDERATIONS   REGARDING   POSSIBLE   ERRORS 

A  few  remarks  may  be  added  concerning  the  degree  of  certainty 
that  our  result  reveals  a  real  phenomenon  and  does  not  rest  on 
errors  of  any  kind.  * 

Bias  on  the  part  of  the  observers  on  Mount  Wilson  and  at 
Kodaikanal  Observatory  is  excluded  because,  when  writing  down 
the  displacements,  they  were  not  aware  of  a  possible  mutual  influ- 
ence of  neighboring  lines.  The  data  used  by  us  have  the  full 
authority  of  the  best  Mount  Wilson  and  Kodaikanal  observations. 

There  was  of  course  some  arbitrariness  in  the  fixation  of  the 
criteria  to  be  used  for  selecting  the  probably  influenced  lines,  and 
in  some  cases  differences  of  opinion  on  the  application  of  the 
criteria  will  subsist;  but  reasonable  alterations  in  the  sifting 
process  are  not  likely  to  alter  materially  the  character  of  the  result. 

Uncertainties  in  the  wave-lengths  of  arc  lines  (by  which,  e.g., 
Albrecht's  results  might  have  been  influenced)  are  not  involved  in 
the  limb-center  displacements. 

In  earlier  work  on  mutual  influence  the  result  depended  on  the 
accuracy  obtainable  in  measuring  the  separation  of  close  solar 
lines.  Two  opposite  effects  may  affect  the  estimation  of  the 
distance  between  the  centers  of  the  components  of  the  pair:  the 
maxima  approach  each  other  by  the  partial  superposition  of  the 
intensity-curves,  whereas,  on  the  other  hand,  inequality  of  con- 
trast on  the  two  sides  of  either  component  may  lead  to  overestima- 
tion  of  the  distance. 

Evidently  these  errors  do  not  enter  to  any  appreciable  degree 
in  the  limb-center  shifts. 
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Indeed,  let  us  assume  that  in  the  spectrum  of  the  sun's  center  the 
distance  between  the  components  of  a  certain  pair  of  Hnes  appears 
exaggerated  owing  to  an  error  of  estimation.  The  distance  may  be, 
say,  o .  3  A,  and  the  apparent  exaggeration  caused  by  this  nearness 
0.003  ■^• 

Let  us  next  consider  the  same  pair  in  the  spectrum  of  the  sun's 
limb.  There  both  components  are  perhaps  slightly  shifted  with 
respect  to  their  positions  in  the  spectrum  of  the  center;  but  as  these 
shifts  are  of  the  order  of  0.005  A,  the  separation  of  the  I'nes  can 
scarcely  be  altered  thereby  more  than,  say,  i  or  2  per  cent  of  its 
original  value  of  o .  3  A.  Consequently  the  influence  which  the 
proximity  of  the  lines  may  have  on  the  estimation  of  their  distance 
must  be  practically  identical  in  the  two  spectra:  the  exaggeration 
of  the  distance  in  the  spectrum  of  the  limb  would  also  be  0.003  A. 
A  mutual  influence  depending  on  errors  of  estimation  will  not 
appear  in  the  limb-center  differences. 

Any  photographic  effect  that  might  perhaps  influence  the 
measured  distance  between  close  solar  lines  would  also  be  very 
similar  in  both  cases,  since  the  operators  have  always  taken  care  to 
give  equal  average  intensities  to  the  spectra  of  the  center  and  the 
limb  by  regulating  the  exposure  times. 

The  well-established  observation  that  neighboring  lines  are 
nevertheless  more  distant  from  each  other  in  the  spectrum  of  the 
limb  than  in  the  spectrum  of  the  center  must  therefore  represent  a 
real  phenomenon. 

6.      CONCLUSION 

It  appears  from  the  preceding  discussion  that,  in  the  process 
which  causes  the  limb-center  shift  of  a  line,  the  presence  of  a 
close  neighboring  line  must  be  very  momentous.  Indeed,  taking 
the  general  mean,  irrespective  of  signs,  of  the  relative  departures 
2Z)s  and  SDr  for  Mount  Wilson,  and  SA  and  XDr  for  Kodaikanal 
(relating  to  128  influenced  lines  in  all)  we  find: 

n     7  09+7  09+19  15+19  16 

D= —^ =  0.410. 

This  signifies  that,  on  the  average,  the  limb-center  displace- 
ment of  a  line  increases  or  decreases  by  two-fifths  of  its  normal 
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amount  if  another  line  is  very  near.  And  since  such  dependence 
can  only  be  explained  as  the  result  of  a  modification  which  the 
neighboring  line  produces  in  the  refracting  power  of  the  medium, 
the  phenomenon  of  mutual  influence  gives  strong  evidence  in  favor 
of  the  view  that  anomalous  dispersion  really  is  the  dominating 
factor  in  determining  the  distribution  of  the  light  in  a  Fraunhofer 
line,  and  also,  therefore,  in  causing  the  entire  limb-center  displace- 
ment. 

We  have  shown  in  former  papers  how,  by  irregular  refraction 
and  scattering,  dispersion  lines  originate,  and  under  which  condi- 
tions they  may  be  asymmetrical.'  The  fact  that  the  asymmetry  of 
Fraunhofer  lines  is,  as  a  rule,  such  as  to  represent  a  displacement 
toward  the  red  would  prove  that  the  mean  refractive  index  of  the 
visible  layers  of  the  sun  is  greater  than  unity^ — as  might  indeed  have 
been  anticipated. 

If  we  take  it  for  granted  that  the  limb-center  shifts  can  have 
no  other  cause  than  anomalous  dispersion,  we  are  obHged  to 
assign  a  displacement  of  similar  origin  to  the  Fraunhofer  lines 
of  the  spectrum  of  the  center  with  respect  to  the  positions  belonging 
to  the  free  periods  on  the  sun,  for  the  radiation  coming  from  the 
central  parts  of  the  disk  has  also  traveled  over  long  distances 
through  gaseous  layers,  although  not  such  long  distances  as  has  the 
light  coming  from  the  hmb. 

Now,  the  average  magnitude  of  the  measured  center-arc 
displacements  is  very  nearly  what  we  should  expect  it  to  be  in 
comparison  with  the  average  magnitude  of  the  limb-center  dis- 
placements (considering  the  distances  which  the  light  from  the 
center  and  the  light  from  the  limb  have  traveled  through  dispersing 
media),  provided  we  admit  that  there  is  no  difference  between  the 
free  periods  on  the  sun  and  those  in  the  arc  on  the  earth.  Our 
results,  therefore,  furnish  a  strong  argument  against  the  real  exist- 
ence of  the  effect,  derived  by  Einstein  from  the  general  relativity 
theory,  viz.,  that  the  cores  of  the  solar  lines  should  be  displaced  with 
respect  to  the  cores  of  the  terrestrial  lines  by  as  much  as  o.oi  A. 

'  Cf.  also,  P.  H.  van  Cittert,  Speclraaherschynselen  veroorzaakt  door  onregdmatige 
Lichtbreking  en  hun  Beteekenis  voor  de  Physica  der  Zon,  thesis,  Utrecht,  1919,  a  French 
translation  of  which  has  appeared  in  the  Archives  nccrlandaises  [III  A],  5,  243,  i92i_ 
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This  subject  has  been  amply  discussed  in  a  recent  paper  published 
in  common  with  Dr.  van  Cittert  (cf.  p.  109,  n.  2). 

The  main  conclusion  to  be  derived  from  the  estabUshment  of 
mutual  influence  of  Fraunhofer  lines  as  a  general  phenomenon 
is  that  it  seems  impossible  now  to  maintain  the  current  interpre- 
tation of  the  solar  spectrum.  When  trying  to  explain  solar  and 
stellar  phenomena  we  are  henceforth  obliged  to  consider  that 
anomalous  dispersion  may  be  a  most  effective  agent  in  determining 
the  observed  distribution  of  the  light  in  cosmical  spectra. 

I  desire  to  express  my  sincere  thanks  to  Dr.  van  Cittert  and 
Dr.  Minnaert  for  their  valuable  assistance  in  sifting  the  material 
used  in  this  investigation  and  in  discussing  the  problems  to  which 
it  gave  rise. 

Heliophysical  Observatory,  Utrecht 
January  19  21 


NATURAL  AND  MAGNETIC  ROTATORY  DISPERSION  OF 
OPTICALLY  ACTIVE  TRANSPARENT  LIQUIDS 

By  E.  O.  HULBURT 

ABSTRACT 

Natural  and  magnetic  rotatory  dispersion  of  transparent  liquids. — From  the  electron 
theory  of  H.  A.  Lorentz  a  theoretical  formula  is  derived  for  the  rotatory  power  of  an 
optically  active  medium  placed  in  a  magnetic  field,  neglecting  the  effect  of  absorption 
of  hght  in  the  medium.  To  test  the  theory,  measurements  of  the  angles  of  rotation  were 
made  for  limonene  and  for  solutions  of  cane  sugar  in  water,  of  tartaric  acid  in  water, 
and  of  camphor  in  ethyl  alcohol,  using  plane  polarized  monochromatic  light  of  from 
4j6  to  620  nfji  and  a  field  strength  of  6480  gauss.  The  formula  was  found  to  agree 
with  the  results  for  natural  rotation  in  each  case.  It  could  be  compared  with  magnetic 
rotation  measurements  only  in  the  case  of  the  sugar  solution,  and  then  agreement  was 
found  for  the  longer  wave-lengths  but  for  the  shorter  ones  the  theoretical  values  are 
somewhat  too  great.  The  discrepancy  is  attributed  to  the  neglect  by  the  theory  of 
the  effect  of  absorption. 

Refractive  indices  for  limonene  and  for  one  to  one  solutions  of  cane  sugar  and  tartaric 
acid  in  water  and  of  camphor  in  ethyl  alcohol,  4^6-620  nfi,  were  determined. 

I.      INTRODUCTORY 

In  181 5  Biot  discovered  that  certain  liquids  possess  the  power 
of  rotating  the  plane  of  polarization  of  transmitted  plane-polarized 
light.  Such  media  are  said  to  be  optically  active,  and  the  rotation 
which  they  produce  is  termed  the  natural  rotation.  Connected 
with  this  from  the  point  of  view  of  experiment  is  the  effect  dis- 
covered by  Faraday  that  an  optically  inactive  medium,  when  sub- 
jected to  a  longitudinal  magnetic  field,  also  rotates  the  plane  of 
polarization  of  transmitted  plane-polarized  light.  Each  of  these 
two  phenomena  has  been  the  subject  of  many  theoretical  and 
experimental  investigations.  The  magnetic  rotation  of  optically 
active  substances  has,  however,  received  less  attention.^  No 
attempt  is  here  made  to  summarize  the  work  upon  the  varied 
phases  of  these  problems,  but  reference  is  made  to  a  publication 
by  H.  Landolt^  and  to  one  by  W.  Voigt^  in  which  are  discussed  many 

'  L.  R.  Ingersoll,  Physical  Review,  9,  257,  191 7.  See  references  contained  in  this 
paper. 

^  Das  optische  Drehungsvermogen,  1898. 

'  L.  Graetz  (ed.),  Handbuch  der  Elektrizitdt  und  dcs  Magnetismus,  Band  IV, 
Lieferung  2,  1915. 
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of  the  more  important  researches.  We  shall  have  occasion  to 
refer  at  times  to  certain  reports  which  have  special  bearing  upon 
various  parts  of  this  paper. 

In  the  present  work  the  magnetic  rotation  in  optically  active 
liquids  has  been  considered.  To  this  end  four  optically  active 
transparent  liquids  were  selected  which  differed  markedly  in  their 
chemical  and  optical  characteristics.  The  refractive  indices  and 
the  angles  of  natural  and  magnetic  rotation  of  the  plane  of  polariza- 
tion of  plane-polarized  monochromatic  light  were  measured  for  a 
series  of  wave-lengths  throughout  the  visible  spectrum.  Theo- 
retical formulas  based  on  the  electronic  theory  of  dispersion  of 
H.  A.  Lorentz^  have  been  derived,  and  as  far  as  possible  have  been 
tested  by  the  foregoing  data. 

2.      THEORETICAL 

We  solve  the  problem  theoretically  by  obtaining  first  an  expres- 
sion for  the  natural  rotation  alone,  and  secondly  an  expression 
for  the  natural  and  magnetic  rotations  together. 

a)  The  natural  rotation. — To  explain  the  Biot  phenomenon, 
Fresnel  advanced  the  hypothesis,  which  was  subsequently  verified 
by  experiment,  that  the  effect  of  the  optically  active  medium  was  to 
resolve  the  plane-polarized  beam  into  two  components,  circularly 
polarized  in  opposite  directions,  which  traveled  with  unequal 
velocities  through  the  medium.  Drude^  developed  the  idea  that 
the  electrons  in  such  a  medium,  when  activated  by  a  plane-polarized 
light-wave,  move  in  circular  orbits,  and  obtained  an  expression  for 
the  propagation  of  light  through  the  medium  which  was  in  accord 
with  experiment  in  certain  cases.  P.  G.  Nutting^  obtained  the 
same  equation  of  motion  for  the  electron  as  did  Drude  by  a  some- 
what different  argument.  Instead  of  stating  that  a  linear  force 
produced  a  circular  displacement  of  an  electron.  Nutting  found  it 
simpler  to  set  up  an  equation  which  said  that  a  linear  force  plus 

'  Theory  of  Electrons,  1909. 

'  Lehrbuch  der  Optik,  p.  388,  1906. 

^  Physical  Review,  17,  i,  1903. 
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a  solenoidal  component  is  necessary  to  produce  a  linear  displacement 
of  the  electron.  In  the  present  work  we  apply  the  idea  of  Nutting 
to  the  electron  theory  of  H.  A.  Lorentz. 

We  restrict  the  discussion  to  transparent  media  in  which  the 
temperature  remains  constant;  no  external  magnetic  field.  Let 
^,  77,  and  f  be  the  components  of  the  displacement  of  the  electron 
from  its  equilibrium  position.  The  components  of  the  restoring 
force  with  which  the  medium  acts  upon  the  electron  are  /^,  Jt], 
and/f.  According  to  our  plan  we  write  the  electric  force  acting 
upon  the  electron 

e(£+/3curl£). 

jS  is  a  constant  which  depends  upon  the  anisotropy  of  the  medium, 
and  may  be  positive  or  negative.  The  charge  on  the  electron  is  e, 
its  mass  is  m.  N  is  the  number  of  such  electrons  per  unit  volume. 
All  quantities  are  expressed  in  c.g.s.  electromagnetic  units.  The 
constant  a,  which  Lorentz  has  shown  to  be  approximately  1/3  for 
isotropic  media,  should  in  the  present  case  be  replaced  by  <Xx,  Cy,  and 
<Tz.  This  would  increase  the  complexity  of  the  equations  and 
would  introduce  an  almost  prohibitive  number  of  unknown  quanti- 
ties. We  content  ourselves,  therefore,  as  a  first  approximation, 
with  letting  a  be  independent  of  the  direction. 

If  the  axis  of  Z  be  the  direction  of  the  propagation  of  the  light, 
we  find  for  the  equations  of  motion  of  the  dispersion  electron  of  a 
single  type, 


^  4=.[£.+.47r.W.^+/3(|f-^|-^)]-/^^ 


d3 
dt 

d 
"^dt 

"^dt 


(i) 


Let  €  be  the  base  of  natural  logarithms,  and  let  all  dependent 

variables  of  (i)  contain  the  time  only  in  the  factor   e'^'   where 

c 

r-  is  the  frequency,  X  the  wave-length  of  the  vibration  in  vacuo,  and 


ROTATORY  DISPERSION  OF  TRANSPARENT  LIQUIDS     119 

c  the  velocity  of  light  in  vacuo.  The  solution  of  (i)  yields  two 
vibrations,  circularly  polarized  in  opposite  directions,  whose 
refractive  indices  fx^  and  /Xj  are  given  by  the  relation 


2x18        I      I 


(2) 


The  subscript  s  denotes  the  5th  type  of  electron.     —  is  the  fre- 

K 
quency  of  the  natural  undamped  vibration  of  this  electron.     When 

the  plus  sign  of  (2)  is  used,  n  is  fx^;   when  the  minus  sign  is  used, 
M  is  JU2. 

Equation  (2)  describes  the  refractive  indices  in  terms  of  the 
constants  of  a  single  type  of  dispersion  electrons.  There  may  be 
other  types  of  dispersion  electrons  in  the  medium  with  constants 
peculiar  to  the  type,  so  that  in  the  more  general  case  the  right- 
hand  member  of  (2)  may  be  assumed  to  be  a  summation  of  similar 
terms,  one  term  for  each  type.  For  this  case  the  complete  disper- 
sion formula  is 

Ne' 


2t3 
i± — -  u 


We  assume  we  are  dealing  with  a  region  of  the  spectrum  in  which 
the  change  of  the  refractive  index  with  wave-length  is  determined 
by  the  electrons  of  a  single  type,  so  that  in  the  summation  of  (3) 
all  the  terms  except  one  may  be  replaced  by  a  quantity  g^  which 
is  independent  of  X.  Then  (3)  becomes,  when  the  two  formulas  are 
written  separately, 

=  9i+T 7»  (4) 


,  27r/3  ^11 

^+"r^-      xrv 

Mi— I 
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2^/3  II 

I  — 

<7 


=  9x+- — -.  (5) 


'-^^'  X    V 


/x:—i 

If /S  =  o  in  (4)  or  (5),  we  obtain  a  quantity  iio  detined  by  the  expres- 
sion 

I  TTW  ,    . 


'    Mo-  I  Xo       X^ 

Comparing  (4),  (5),  and  (6)  we  find 

fJ.o=^  fjLdJi2,  (7) 

which  shows  that  jUo  is  the  geometrical  mean  of  ij,^  and  /x,-  If 
the  refractive  index  of  the  optically  active  liquid  is  determined 
directly  by  a  refractometer,  the  numbers  obtained  may  be  inter- 
preted to  be  almost  exactly  jUq. 

Let  9n  be  the  angle  in  radians  of  the  rotation  of  the  plane  of 
polarization  produced  by  a  length  /  cm  of  the  active  liquid.  It 
may  be  shown^  that 

— f  =  A'2  — Mi-  (8) 

Substituting  (4)  and  (5)  in  (8),  and  making  use  of  (7),  we  obtain 

9.=  ^' («-!).  (9) 

By  the  same  reasoning  as  before  we  note  that  several  t}'pes  of 
electrons  may  contribute  to  the  rotation,  and  therefore  (9)  may  be 
written  in  the  general  case, 

e.=  ^^(,i-i).  (10) 

This  formula  is  in  agreement  w^th  those  of  Drude  and  Nutting. 
Again,  considering  that  only  a  single  t\-pe  of  electron  is  important 

'■  Drude,  loc.  cit.,  p.  396. 
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in  determining  the  variation  of  &„  with  X  for  the  region  of  the 
spectrum  under  investigation,  (10)  simpHfies  to 


0„=W+27r/3,/^.  (11) 


We  write  bj  in  order  that  the  quantity  b^  may  refer  to  a  unit  length 
of  the  substance,  bj,  is  independent  of  X,  and  may  be  positive  or 
negative.  This  formula  is  in  agreement  with  certain  known  facts 
concerning  the  rotatory  dispersion  of  optically  active  substances. 
Far  from  the  critical  frequency,  determined  by  Xi,  the  formula 
expresses  the  fact  that  $„  varies  inversely  as  the  square  of  the 
wave-length.  As  the  critical  frequency  is  approached  the  rotation 
increases  more  rapidly  than  the  inverse  square  law.  This  is  in 
accord  with  fact.  To  be  more  complete,  formula  (11)  should 
include  the  effect  of  absorption.  It  is  interesting  to  note  that 
although  formula  (11)  has  been  derived  on  the  Lorentz  electron- 
dispersion  theory  there  is  no  theoretical  reason  why  the  same 
formula  may  not  be  applied  to  media  whose  refractive  index  does 
not  satisfy  the  Lorentz  dispersion  equation  (6).  This  is  due  to 
the  fact  that  the  refractive  index  Ho  occurs  explicitly  in  (i  i)  and  the 
constants  of  the  dispersion  equation  do  not  occur  therein. 

b)  The  natural  rotation  combined  with  the  magnetic  rotation. — 
Suppose  that  the  optically  active  medium  is  subjected  to  an  ex- 
ternal magnetic  field  of  strength  H  in  c.g.s.  electromagnetic 
units,  and  suppose  that  H  is  in  the  direction  of  the  axis  of  Z,  which 
is  also  the  direction  of  the  propagation  of  the  light.  The  magnetic 
permeability  of  the  medium  is  taken  as  unity. 

The  equations  of  motion  of  the  dispersion  electron  of  a  single 
type  become  in  this  case. 


d 
"^dt 


d'^ 
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These  equations  are  solved  in  a  manner  similar  to  that  outlined  in 
{a).  WTien  the  squares  of  small  quantities  are  neglected,  the 
angle  of  rotation  6,  expressed  in  radians,  is  found  to  be 

X^  27rCW*  Mo  (X*-Xx)'  ^   ^^ 

The  first  two  terms  of  the  right-hand  side  of  (13)  are  seen  to  be  the 
contribution  to  6  due  to  the  natural  rotation  On  (see  formula  [n]). 
The  last  term  is  the  contribution  to  6  due  to  the  magnetic  rotation 
which  we  shall  call  d^.  This  same  expression  for  6^  has  been 
derived  in  a  former  paper. ^     We  may  then  write 

where  d„  is  given  by  formula  (11),  and  6^  is  expressed  by 

2'Kcni'  Ho  (X^— Xi)^ 

We  note  that  in  formula  (13),  for  wave-lengths  far  removed  from 
the  region  of  critical  frequency,  d„  and  B^  are  each  roughly  pro- 
portional inversely  to  X"^,  and  hence  their  ratio  is  approximately 
constant  for  various  wave-lengths.  This  is  in  agreement  with  an 
empirical  relation,  first  enunciated  by  Wiedemann,^  as  the  result 
of  experiments  on  turpentine.  It  is  seen  from  the  formula  that 
such  relation  is,  in  general,  not  true  and  at  best  only  an  approxima- 
tion, as  was  shown  by  later  investigations. 

3.       EXPERIMENTAL 

The  determination  of  the  natural  and  magnetic  rotation  angles 
w^as  carried  out  by  means  of  the  apparatus  described  in  the  former 
paper  {loc.  cit.).  This  consisted  briefly  of  a  grating  spectrograph, 
two  nicol  prisms,  and  a  Ruhmkorff  magnet  between  whose  poles 
was  placed  a  cell  containing  the  liquid  under  examination.  The 
refractive  indices  of  the  liquids  were  measured  for  the  wave- 

■  R.  A.  Castleman,  Jr.,  and  E.  O.  Hulburt,  "Magnetic  Rotatory  Dispersion  in 
Transparent  Liquids,"  Astrophysical  Journal,  54,  45,  1921. 
Ann.,  82,  215,  1851. 
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lengths  436,  546,  578,  and  620  fxfx  by  an  Abbe  refractometer  espe- 
cially arranged  for  the  purpose.  A  mercury-vapor  lamp  with 
filters  served  as  the  source  of  light  for  the  three  shorter  wave- 
lengths, a  tungsten  gas-filled  lamp  with  a  red  filter  served  for  the 
wave-length  620  )u^t. 

Four  optically  active  liquids  were  investigated,  one  being  an 
organic  liquid  limonene'  and  the  others  being  solutions  of  cane 
sugar  in  water,  tartaric  acid  in  water,  and  camphor  in  ethyl  alcohol. 
The  solutions  were  prepared  by  dissolving  50  gm  of  the  material  in 
50  gm  of  the  pure  solvent.  The  three  solutions  were  practically 
colorless,  but  the  limonene  showed  appreciable  absorption  in  the 
blue.  The  values  of  the  natural  rotation  angles  6„,  which  have 
been  reduced  to  refer  to  a  length  of  i  cm  of  the  liquid,  are  shown 
by  the  curves  i  in  Figures  i,  2,  3,  and  4.  The  small  circles  are 
plotted  from  the  observations,  and  smooth  curves  have  been  drawn 
through  them.  The  natural  rotation  angles  of  these  liquids,  but 
for  different  concentrations  in  the  case  of  the  solutions,  were 
measured  by  Nutting  and  by  Ingersoll  (loc.  cit.).  In  the  case  of 
limonene  Nutting's  values,  reduced  to  the  scale  of  Figure  i  by 
multiplying  one-tenth  of  the  specific  rotations  given  in  his  paper 
by  the  density  o .  846,  are  plotted  for  comparison  as  small  triangles 
in  Figure  i.  Ingersoll's  values,  also  reduced  to  the  scale  of  Figure  i, 
are  shown  by  small  squares.  The  difference  between  the  observa- 
tions may  perhaps  be  ascribed  to  impurities  in  the  liquid. 

The  magnetic  rotation  angles  6^  for  a  field  strength  of  6480 
gauss,  shown  by  the  curves  3  in  Figures  i,  2,  3,  and  4,  have  been 

'  Also  called  "carven."     The  structural  formula  is: 

CH3 

I 
C 

/   \ 
HC  CH, 

I  I 

H.C  CH, 

\   / 

C 

I 

c 

CH3  CH2 
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600 


500/XM  600 

Fig.  3 


Camphor  in 
ethyl  alcohol 


HHO 


SOOyL^U 

Fig.  4 
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obtained  by  taking  the  means  of  the  magnetic  rotations  produced  by 
the  field  direct  and  reversed.  It  was  found  that  within  the  error 
of  experiment  the  direct  and  reversed  magnetic  rotations  were 
equal  for  all  the  liquids  throughout  the  range  of  wave-lengths 
investigated.  The  observed  values  of  $„,  reduced  to  refer  to  i  cm 
length  of  liquid,  are  shown  by  the  circles  of  curves  3. 

The  values  of  the  refractive  indices,  in  our  notation  Ho,  obtained 
from  the  refractometer  measurements  at  20°  C,  are  given  in 
Table  1.  The  error  in  these  numbers  was  probably  not  greater 
than  ±0.0002. 

TABLE  I 
Refractrt;  Index  fi^ 


X 

Limonene 

Sugar 

Tartaric  Acid 

Camphor 

MM 
620 

578 

546 

436 

1-4749 
I. 4771 

1-4797 
I .4902 

1.4200 

I .4211 
I .4222 
1.4288 

1-4059 
1.4076 
I . 4086 
I -4145 

I. 4108 
I. 4126 
I. 4136 
1.4207 

4.      TEST   OF   THE   THEORETICAL  FORMULAE 

The  two  constants  of  formula  (11)  were  calculated  for  each 
liquid  by  the  use  of  two  observed  values  of  6„,  and  are  given  in 
Table  II.  The  curves  for  the  natural  rotations  computed  from 
formula  (11)  are  shown  in  the  figures  by  the  curves  2  which  are 
indicated  by  crosses  and  a  dotted  line.  It  is  seen  that  the  formula 
expresses  the  observations  with  fair  accuracy. 


TABLE  n 

Limonene —  i°So  28.9X10"", 

Sugar 0°  1 1 . 7 

Tartaric  acid -|-o?674  —  9 .45 

Camphor —2^52  13  .7 

To  calculate  the  magnetic  rotations  from  formula  (15),  \  must 
be  first  determined  from  the  dispersion  equation  (6).  This  is 
possible  only  for  those  substances  whose  relation  of  refractive  index 
and  wave-length  corresponds  to   equation   (6).     In   the  present 
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instance  the  solution  of  sugar  in  water  was  the  only  liquid  of  the 
four  whose  refractive  index  satisfied  this  relation.  The  constants  of 
(6)  for  this  liquid  were  found  to  be 

91  =  0.3154,    Xi=25i.6juM,     —  =  2.8587X107. 

TTtn 

Using  I  /3  for  a  and  introducing  the  observed  value  of  6^  at  X  589  nfj. 

into  equation  (15)  gave  —  =  3.30X10''.     With  the  constants  of  (15) 

thus  determined,  the  magnetic  rotations  were  computed  throughout 
the  visible  spectrum  and  are  shown  by  the  dotted  curve  4  of 
Figure  2.  The  discrepancy  between  theory  and  experiment  for  the 
shorter  wave-lengths  may  be  attributed  rather  to  the  neglect  of 
absorption  in  the  theory  than  to  the  inclusion  of  too  few  terms  in 
the  summations. 

In  the  cases  of  limonene,  tartaric  acid  in  water,  and  camphor  in 
ethyl  alcohol,  one  might  test  a  magnetic-rotation  equation  given 
by  Siertsema,^  namely, 

«.=;h^^^.  (16) 

m  2ca\ 

This  formula  requires  that  the  refractive-index-wave-length  curve 
be  determined  with  sufficient  precision  to  enable  one  to  compute 
the  first  derivative.  The  data  of  Table  I  were  not  numerous 
enough  for  such  a  purpose. 

To  conclude,  the  author  takes  pleasure  in  expressing  his  hearty 
thanks  to  Dr.  J.  F.  King  for  valuable  assistance  in  the  experimental 
work. 

Johns  Hopkins  University 
April  1921 

'  Comm.  Lab.  Leiden,  No.  82,  1902. 


THE  ORBIT  OF  49  5  CAPRICORNI 

By  CLIFFORD  C.  CRUMP 

ABSTRACT 

Elements  of  the  orbit  of  49  5  Capricorni  have  been  determined  with  considerable 
accuracy  from  74  spectrograms  taken  with  the  Bruce  spectrograph  at  Yerkes  Observa- 
tory.    The  period  is  1.02275  days  and  K  is  65.7  km/sec. 

The  variable  radial  velocity  of  496  Capricorni  (a  =  2o''4i™5; 
5=  — 16°35';  visual  magnitude  2.98)  was  announced  by  Dr.  V.  M. 
Slipher  of  the  Lowell  Observatory  in  the  Astro  physical  Journal, 
24,  361,  December,  1906.  Observations  of  the  star  were  begun 
at  Yerkes  Observatory  on  June  21,  191 5,  and  continued  imtil 
August  18,  1919.  During  this  interval  74  spectrograms  were 
made  with  the  one-prism  arrangement  of  the  Bruce  spectrograph 
attached  to  the  40-inch  refractor.  Of  the  total  number  of  spectro- 
grams made,  69  were  used  in  the  determination  of  the  radial 

TABLE  I 


Element 

Wave-Length 

Element 

Wave-Length 

Fe 

Fe 

4045 -975 
4063 . 759 
4071 .908 
4143  047 
4271325 
4326.527 

H 

Ti 

Mg 

Fe,    Ti-Co 

H 

4340.634 
4395   201 
4481 .400 

4549  767 
4861.527 

Fe 

Si 

Fe 

Ti 

velocities.  Seed  23  and  Seed  30  plates  were  used.  The  times  of 
the  exposures  are  given  in  column  4  of  Table  II.  Suspecting  that 
the  period  was  about  a  day,  I  took  7  plates  during  the  night  of 
August  9,  191 7.  This  confirmed  the  belief,  and  on  several  nights 
plates  were  secured  in  as  rapid  succession  as  possible  throughout 
the  entire  night. 

The  spectrum  of  49  5  Capricorni  is  designated  in  the  Harvard 
Annals,  50,  by  A5,  and  in  Miss  Maury's  classification  in  the  Harvard 
Annals,  28,  by  Xa,  h.  For  a  spectrum  of  this  t>TDe  the  lines  are 
of  perhaps  average  quality.  Although  there  are  many  lines  on 
some  of  the  plates,  only  the  best  were  used  in  this  investigation. 
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The  region  used  extended  from  X  4045  to  X  4861.  The  comparison 
spectrum  was  that  of  titanium  and  iron.  The  Hnes  used  and  the 
wave-lengths  adopted  are  given  in  Table  I.  All  the  spectrograms 
were  measured  by  the  writer  with  the  exception  of  Plates  No.  4192, 
4197,  4198,  4199,  4232,  4246,  4261,  and  4630,  which  were  meas- 
ured by  Julius  Lemkowitz,  formerly  computer  at  Yerkes  Observa- 
tory. 


"D^y*       ao  02  04  0j8  08 

Fig.  I. — Velocity-curve  of  49  5  Capricorni  with  observed  values 


The  velocities  were  determined  from  the  measurements  in  the 
usual  manner,  corrections  being  applied  for  the  orbital  velocity  of 
the  earth,  the  earth's  rotation,  and  for  curvature  of  the  lines. 
Table  II  contains  the  observed  data. 

The  period  was  determined  by  successive  approximations  as 
1.02275  days,  and  since  1467  cycles  were  completed  during  the 
time  of  observation  this  may  be  considered  as  definitive. 

The  observed  radial  velocities  of  Table  II  were  combined  into 
normal  places  with  phase  as  a  basis  for  grouping.  The  weight 
of  each  normal  place  was  determined  on  the  basis  of  the  weights  of 
the  plates  combined  to  make  the  normal  place.     The  largest  of 
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Plate 


IB4192. 
4197- 
4198. 
4199. 
4202. 
4232. 
4246. 
4261. 

4512. 

4515- 
4520. 

4565- 
4571- 
4578. 

4589- 
4630. 
4668. 
4710. 

4960. 
4961. 
4962. 
4966. 
4990. 
4991. 
4992. 
4993- 
4997- 
4998. 

4999- 
5000. 
5001. 
5002. 
5003. 
5007. 
5008. 
5009. 
5010. 
501 1. 
5012. 

5013- 
5016. 

5017- 
5018. 
5022. 
5023. 
5097- 

SS40. 
5546. 
5549- 
5550- 


Date 


G.M.T. 


19 1 5  Ju^y 

Sept 
Oct. 


9d847 
12.853 
12.872 
12 .890 
16.778 

6.615 
20.658 
II-57I 


Aug. 


1916  May  29.888 
June  30.812 
July  7.875 
Aug.  11.735 

18.688 
21 .700 

27-735 
Sept.  15.633 
Oct.  16.587 
Dec.  13.469 

19 1 7  July  20.745 

20.794 

20.842 

23  835 

9.717 

9.769 

9.818 

9.863 

10.687 

10.726 

10.765 

10.797 

10.828 

10.862 

10.889 

17-639 
17.674 
17.708 
17.742 

17-775 
17.806 
17.848 
19.641 
19.697 
19.769 
24-774 
24-837 
5-487 


Nov. 


19 19  July  14-847 
18.862 
21.744 
21.794 


Phase 

Exp. 

Obs. 

No. 
L. 

Wt. 

o'?s82 

20™ 

B 

5 

5 

521 

20 

My 

3 

3 

539 

20 

7 

7 

558 

25 

2 

2 

355 

18 

B 

6 

6 

031 

40 

My 

7 

7 

779 

26 

B 

5 

5 

213 

36 

B 

5 

5 

388 

26 

B 

11 

14 

608 

30 

C 

9 

9 

512 

26 

C 

9 

9 

598 

35 

C 

8 

15 

391 

35 

C 

8 

12 

336 

35 

C 

7 

8 

234 

35 

C 

9 

9 

722 

50 

B 

4 

4 

994 

60 

Mk 

8 

14 

579 

40 

B 

7 

10 

987 

62 

C 

8 

8 

013 

63 

C 

9 

11 

0 

061 

55 

C 

9 

10 

I 

008 

82 

B 

5 

S 

0 

504 

60 

C 

11 

12 

556 

74 

C 

10 

10 

605 

55 

C 

11 

11 

650 

50 

C 

10 

10 

451 

50 

C 

11 

12 

490 

50 

C 

11 

II 

529 

42 

C 

11 

11 

561 

40 

C 

II 

11 

592 

40 

C 

T? 

12 

626 

30 

C 

10 

10 

653 

35 

C 

9 

9 

244 

45 

C 

II 

11 

278 

45 

C 

10 

10 

313 

45 

C 

10 

10 

346 

45 

c 

11 

11 

380 

40 

c 

11 

11 

410 

40 

c 

10 

10 

453 

57 

c 

11 

11 

193 

60 

c 

3 

3 

256 

92 

c 

10 

10 

328 

105 

c 

9 

9 

220 

40 

c 

8 

8 

282 

60 

c 

7 

7 

317 

50 

B,^Yk 

II 

11 

981 

68 

\Vk 

II 

11 

906 

70 

c 

10 

10 

720 

70 

\Vk 

10 

14 

769 

60 

Wk 

10 

13 

Vel. 


km/sec. 
-35-90 

-  23.02 
-30.40 

-47-5° 
+40.42 

+  27-52 
-57.68 
+62  .90 

+34-30 
-63.82 
-32-36 
-58.66 
+  17-81 
+38.55 
+  53-06 
-72.88 
+  3-8o 
-48.76 

+  2.07 
+  19.86 
+43-52 
+  18.35 
-21.03 
-29.17 
-55-24 
-57-61 

-  6.45 
-13-24 
-24.98 

-34-59 
-5304 
-54-30 
-62.80 
+  57-89 
+  56.73 
+46.84 
+37-19 
+31-48 
+  16.11 

+  5-47 
+  52.72 
+  58.15 
+  5404 
+67.98 
+  50.00 
+47.68 

-  4.70 

-30.34 
-79.00 

-67.56 


0-C 

km/sec. 
+  13-66 

+  500 
+ 


4-44 
5  96 
4-74 
1 .72 
+  8.82 
+  3  05 


+ 

+ 


+ 


-   6 


+  o 


96 
51 
2,3 
80 
00 
39 
30 
,  12 


+  1.26 

+  0.46 

+  7-71 

+  9-20 

+  0.42 
+  11.91 

+  0.88 

+  8.30 

-  6.80 
+  2.43 
+  6.06 
+  8.20 

-  0.53 
+  7-08 
+  3-63 

-  0.51 

+  2.66 

-  0.34 

-  0.99 
+  4-07 

-  0.13 
+  5-77 

-  6.87 
+  0.99 
+  10.61 
+  8.28 

-  3-41 
+  1-49 

-  3-21 

-  0.09 

-  7-51 
+  0.32 


I30 


CLIFFORD  C.  CRUMP 
TABLE  II — Continued 


Plate 


IBS55I 

5552 
5554 
5555 
5558 
5559 
5560 
5561 
5562 
5564 
5565 
5566 
5567 
5568 
5569 
5571 
5572 
5573 
5574 


191 9  July 


Aug. 


G.M.T.     I 

•base 

Exp. 

Obs. 

No. 
L. 

Wt. 

214836    0' 

'812 

50" 

Wk 

II 

17 

21.876 

852 

53 

Wk 

10 

13 

25-774 

658 

72 

C 

9 

15 

25-833 

718 

95 

C 

9 

II 

1.708 

433 

60 

C 

9 

10 

1-757 

482 

60 

C 

10 

10 

1.802 

527 

60 

C 

8 

II 

1.847 

572 

60 

C 

10 

IC 

1.894 

620 

64 

C 

II 

12 

8.674 

240 

75 

C 

II 

12 

8.726 

292 

70 

C 

II 

II 

8.773 

339 

60 

C 

II 

13 

8.818 

384 

60 

C 

10 

10 

8.858 

424 

48 

C 

II 

13 

8.906 

472 

55 

C 

10 

10 

18.683 

022 

69 

Wk 

9 

9 

18.728 

067 

48 

Wk 

II 

II 

18.767 

105 

S2, 

Wk 

10 

II 

18.808 

146 

54 

Wk 

9 

9 

Vel. 


km/sec. 


-59 
-46 
-67 
-79 
+  14 

—  20 

-39 
-54 
-62 
+60 
+48 
+40 
+  24 
+  4 

—  I 

+  14 
+36 
+48 
+57 


0-C 


km/sec. 
-    0.18 


+     2 


+ 


-  »-59 

-  8. II 
2.36 
2.32 
3-57 


+ 


-1.63 

-  6. 10 
+  6.80 

-  8.23 

-  0.98 


0.89 
1. 91 


Note. — Under  observer  the  following  letters  are  used:  B  =  Barrett;  C  =  Crump; 
Mk  =  G.  S.  Monk;  My  =  C.  A.  Maney;  Wk  =  Miss  E.  W.  Wickham.  Mr.  F.  R. 
Sullivan  assisted  at  nearly  all  the  e.xposures. 

these  sums  was  taken  as  unity  and  the  rest  reduced  to  this  basis. 
Table  III  contains  the  data  for  the  normal  places. 

TABLE  III 


Phase        Limits  of  Phase 


Vel. 


0-C 


Wt. 


No.  of 
Plates 


I 

2 

3 
4 
5 
6 

7 
8 

9 

10 
II 
12 
13 
14 
15 
16 

17 
18 

19 


020 
064 
133 
233 
277 

330 
383 
423 
469 
521 
578 
622 
656 
719 
772 
812. 
852 
906 
991 


o? 00-0? 05 
0.05-0. 10 
o. lo-o. 20 
o. 20-0. 25 

0.25-0.30 
0.30-0.35 
0-35-0-40 
0.40-0.45 
0.45-0.50 
0.50-0.55 
0.55-0.60 

0.60-0.65 
0.65-0.70 


0-0. 


t  s 


o.  75-0.80 
0.80-0.85 
0.85-0.90 

0.90-0.95 
0.95-1. OS 


km/sec. 
+  20.13 
+39 
+52 
+60 

+53 
+43 
+  28 
+  11 
-   7 


-46 
-58 
-65 
-78 
-64 
-59 
-46 
-30 
+  2 


km/sec. 
-2.55 
+  2.90 

—  0.67 
+0.91 

—  I  .  22 
+  0.43 
+  1.57 

—  I  .  12 

—  0.70 
-1.38 
+  1.42 
+  1-65 
+  1  .21 
-6.77 

+  2.47 
+  0.18 

+  2.35 

—  0.09 
+  103 


0.360 
.280 

.307 
.600 

■507 

.827 

.707 

.440 

.720 

0.707 

I.  000 

0.693 

.320 

.387 
.240 
.227 
•173 
•133 
0.507 
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From  the  preliminary  curve  which  was  drawn  to  represent  the 
observed  velocities  it  was  found  from  a  Lehmann-Filhes  solution 
that  the  eccentricity  was  very  small.  Since  the  most  probable 
values  of  oj  and  T  cannot  easily  be  found  from  the  least-squares 
solution,  a  study  of  the  observations  was  made  after  the  normal 
places  had  been  formed.     Different  values  of  co  were  assumed  and 


'Days        0.0  Oa  0.4  0.6  0£ 

Fig.  2. — Velocity-curve  of  49  5  Capricorni  with  the  normal  values 

the  corresponding  values  of  T  were  computed  by  the  method  of 
least  squares.  The  preliminary  elements  given  below  were  adopted 
for  the  final  least-squares  solution. 


Preliminary 

P=i  .02275  days 

r  =  o.63  phase 

e=o.o26 

co=  i49fo6 

K  =  6^.66  km/sec. 

7'  =  —  5  .  69  km/sec. 


ELEMENTS 

Final 

P=i  .02275  days 
r  =  o.63  phase 
e=o.oig±o.oo8 
co  =  i49'?057±o?46 
i^  =  65. 667 ±0.5 10  km/sec. 
7'=  — 5.817^0.563  km/sec. 
a  sin  z  =  92  5 ,940  km 


Assuming  the  constancy  of  the  period  and  the  epoch  of  periastron 
and  using  dy'  instead  of  T  as  an  unknown,  the  normal  equations 
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were  formed,  and  the  method  of  solution  was  essentially  that  out- 
lined by  Dr.  Schlesinger  in  Volume  I  of  the  Puhlications  of  the 
Allegheny  Observatory.  Thus  the  final  elements  were  derived,  as 
given  above. 

A  second  ephemeris  was  computed  on  the  basis  of  the  corrected 
elements.  The  sum  of  the  weighted  squares  of  the  residuals  was 
reduced  from  382.82  to  35.305.  The  probable  error  of  a  normal 
place  of  weight  unity  was  determined  as  =±=  i ,  03  km.  The  probable 
error  of  a  single  plate  determined  from  the  column  0  —  C  in  Table  II 
was  found  to  be  ='=2.75  km. 

It  is  with  pleasure  that  I  acknowledge  my  indebtedness  to 
Professor  E.  B.  Frost,  through  whose  kindness  this  investigation 
was  made  possible. 

Perkins  Observatory 
March  19,  192 1 


THE  SPECTRUM  OF  FLUORINE 

By  WILLIAM  R.  SMYTHE 
ABSTRACT 

Preparation  of  fluorine  gas  by  electrolysis  of  fused  potassium  acid  fluoride.— The 
method  due  to  Mather  and  others  of  the  Chemical  Warfare  Service  is  described, 
together  with  the  necessary  apparatus.  The  gas  was  purified  by  passing  through 
sodium  fluoride  and  a  freezing  trap.     To  protect  the  pump  a  charcoal  trap  was  inserted. 

Visible  and  ultra-violet  spectrum  of  fluorine  and  carbon  tetrafluoride. — A  dozen 
prev^ious  researches  had  failed  to  determine  definitely  the  lines  due  to  fluorine  because 
of  impurities  in  the  gas  used.  In  this  research  a  spectrum  with  foreign  lines  absent 
or  very  weak  was  obtained  by  flowing  practically  pure  fluorine  gas  at  atmospheric 
pressure  continuously  through  a  discharge  tube  with  gold  electrodes.  Although  the 
tube  had  a  fluorite  window,  put  on  in  optical  contact  without  cement  yet  practically 
air-tight,  and  both  a  quartz  spectrograph  and  a  50  cm  concave  grating  were  used, 
the  only  fluorine  lines  found  were  ten  between  X6239  and  X  7034.  The  wave-lengths 
of  these  lines,  determined  to  about  o.i  A,  are  given  and  also  the  approximate  positions 
of  the  heads  of  nine  bands  presumably  due  to  CF4,  between  X  4829  and  X  6525. 

In  1 9 10  Kayser,  in  his  Handbuch  der  Spectroscopie,  made  the 
statement,  ''Das  Spectrum  des  Fluor  ist  noch  so  gut  wie  unbekannt." 
Before  that  time  Bottger'  (1864)  and  Liveing^  (1878),  working  with 
calcium  fluoride;  Mitscherlich^  (1864),  Ditte"*  (1871)  and  Demar- 
gays  (1895),  working  with  hydrofluoric  acid;  Salet^  (1875), 
Ciamician^  (1880)  and  Lunt^  (1906),  working  with  silicon  tetra- 
fluoride; Exner  and  Haschek'  (1901),  working  with  ammonium 
fluoride;  and  Moissan'"  (1889-1891),  working  with  fluorine,  had 
described  lines  which  they  assigned  to  fluorine.  The  most  reliable 
of  these  were  Lunt,  who  worked  in  the  violet,  and  Moissan,  who 
worked  in  the  red. 

'  JahrbuchfUr  practische  Chemie,  65,  392-394,  1862. 

*  Proceedings  Cambridge  Philosophical  Society  (3),  3,  96-98,  1878. 
3  Poggendorffs  Annalen,  121,  459-488,  1864. 

*  Comptes  Rendus,  73,  738-742,  1871.  s  Spectres  Electriques,  1895. 

*  Annates  de  Chimie  et  de  Physique  (4),  28,  34,  1873. 

T  Sitzungsberichte  der  Kaiserlichen  Akcuiemie  der  Wissenscfiaften,  Wien  (82),  2, 
425-457,  1880. 

^Annals  of  the  Cape  Observatory,  10  (2),  5B,  1906;  and  Proceedings  of  the  Royal 
Society,  75,  118,  1905. 

^  Sitzungsberichte  der  Kaiserlichen  Akademie  der  Wissenschaften,  Wien  (100), 
20,  964-987,  1901. 

"  Comptes  Rendus,  109,  937-940,  1889;  and  Annales  de  Chimie  et  de  Physique  (6), 
35.  125,  1891. 
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Since  that  time  Exner  and  Haschek^  (19 12),  working  with 
potassium  fluoride  on  charcoal,  have  assigned  69  lines  to  fluorine; 
and  Porlezza^  (191 2),  working  with  silicon  tetrafluoride,  has 
assigned  78  lines  to  fluorine.  A  comparison  of  their  results  shows 
only  19  lines  in  common,  within  one  angstrom  of  each  other. 

It  is  evident  that  the  spectrum  of  fluorine  is  not  yet  settled 
and  further  measurements  are  desirable.  Apparently,  since  Mois- 
san's  time,  no  one  has  worked  with  the  element  itself,  due  probably 
to  the  great  difficulty  of  preparing  and  keeping  it.  We  are  indebted 
to  Dr.  Mather  and  others  of  the  Chemical  Warfare  Service  for  a 
practicable  method  for  the  preparation  of  fluorine. 


A.  Elecirolyzing  Current. 

B.  Heoiing  Current. 
C  Thermometer. 
D.  Packing  Cap. 


£.  Copper  'Beir. 

F./^node. 

G.  £lectroluie . 

H-  Sodium  rjuor/de. 

Fig.  I 


/.  Oxygen. 
J.  Alcohol. 
K.ToPumo. 
L.  Oil  Trap. 


M.  Mercury  Manometer 
N.Stop  Cocks. 
0.  Discharge  Tube. 
P.  Charcoal  Tube. 


The  fluorine  is  generated  by  the  electrolysis  of  fused  potassium 
acid  fluoride.  A  heavy  copper  vessel,  on  the  outside  of  which  is 
wound  a  nichrome  heating  coil,  contains  the  electrolyte  and  serves 
as  the  cathode.  Soldered  to  the  base  of  this  is  a  block  of  brass, 
having  a  hole  in  which  a  thermometer  is  inserted.  The  whole  is 
insulated  with  asbestos  to  prevent  loss  of  heat  by  radiation.  The 
anode  is  of  hard  electrode  carbon  and  is  inclosed  in  a  heavy 
copper  "bell"  which  collects  the  fluorine.  It  is  insulated  from  the 
bell  and  kept  in  position  by  powdered  calcium  fluoride  packed 

'  Die  Spectren  der  Elemente  bei  normalcm  Druck,  3,  85, 
'  Gazetla  chimica  Italiana,  42,  42,  1912. 
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between  a  fluorite  and  a  glass  washer,  which  is  held  in  place  by  a 
brass  cap. 

A  5  mm  copper  tube  on  one  side  of  the  bell  is  open  to  the  air 
and  is  annealed  so  that  it  can  be  pinched  shut.  A  second  copper 
tube  supports  the  bell  and  carries  off  the  fluorine,  which  passes 
through  a  copper-in-glass  ground  joint  and  a  glass  tube  filled  with 
sodium  fluoride,  into  the  purifying  trap  and  discharge  tube. 

Potassium  bifluoride  is  placed  in  the  generator,  melted  at  230°  C. 
and  electrolyzed  with  about  half  an  ampere  for  several  hours  to 
remove  the  last  traces  of  water,  while  a  current  of  nitrogen  passes 
from  a  tank  through  the  apparatus  and  bell  into  the  air.  When 
fluorine  is  detected  by  its  odor,  the  nitrogen  is  turned  off,  the  copper 
tube  leading  to  the  air  pinched  shut,  and  the  electrolyzing  current 
increased  to  an  ampere  and  a  quarter.  The  fluorine  stream  now 
enters  the  apparatus. 

Besides  being  mixed  with  oxygen  and  nitrogen,  this  fluorine 
contains  hydrofluoric  acid  given  off  by  the  electrolyte.  This  is 
largely  removed  by  sodium  fluoride  to  protect  the  glass  parts. 
Since  fluorine  combines  with  every  element  except  oxygen,  nitro- 
gen, and  the  noble  gases,  and  since  most  of  these  compounds  are 
solid  at  the  temperature  of  frozen  alcohol,  while  fluorine  itself  is 
still  gaseous,  the  obvious  way  to  purify  the  gas  was  to  place  a  trap 
surrounded  by  frozen  alcohol  on  each  side  of  the  discharge  tube. 
Fluorine  does  not  affect  clean,  cool,  dry  glass;  so  by  passing  a 
stream  through  the  discharge  tube  for  several  hours,  all  spectro- 
scopic impurities  except  nitrogen  will  be  removed. 

To  prevent  corrosion  of  the  pump  and  contamination  of  the 
air  in  the  room,  the  fluorine  passed  from  a  second  trap  into  a  bulb 
half -filled  with  charcoal,  with  which  it  combined  violently,  forming 
carbon  tetrafluoride.  In  this  reaction  the  charcoal  glowed,  shot 
off  sparks,  and  generated  so  much  heat  that  it  was  necessary  to 
keep  the  point  of  combustion  away  from  the  walls  of  the  bulb,  as 
shown  in  the  diagram;  otherwise  tlie  carbon  tetrafluoride  reacted 
with  the  glass,  forming  carbon  dioxide  and  silicon  tetrafluoride. 

Three  types  of  discharge  tubes  were  used.  All  were  provided 
with  a  fluorite  window.  We  could  find  no  cement  which  was  not 
attacked  by  fluorine.     Hence  the  window  was  put  on  in  optical 
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contact  without  cement.  Mr.  Pearson  polished  the  fluorite  plate 
and  glass  flange  until  the  usual  tests  showed  them  to  be  flat  within 
.00001  cm.  They  were  then  cleaned,  placed  in  contact  and  pressed 
together  until  there  was  no  light  reflected  from  the  junction  sur- 
face. Tests  showed  that  it  required  two  weeks  for  the  pressure 
in  such  a  tube  to  rise  from  an  X-ray  vacuum  to  one  millimeter. 
The  outside  of  the  joint  was  painted  with  shellac  to  prevent  it  from 
slipping  and  to  stop  inward  leakage.  Absolutely  no  trouble  was 
experienced  due  to  the  negligible  amount  of  fluorine  which  reached 
and  attacked  the  shellac. 

The  first  tube  tried  was  of  the  electrodeless  type  shown  in  Fig- 
ure 2.    Working  at  a  pressure  of  about  5  mm  we  could  obtain  only 


Fig.  2 


Fig.  3 


band  spectra  in  this  tube  without  heating  it  to  the  point  where  the 
fluorine  attacked  it.  The  charcoal  used  in  this  run  flared  back 
into  the  alcohol  trap,  thus  contaminating  the  contents  with  carbon 
tetrafluoride.  The  photograph  on  the  quartz  spectrograph  showed 
a  continuous  spectrum  from  2400  A  to  2900  A,  nitrogen  bands 
from  2900  A  to  4400  A,  a  set  of  nine  bands,  sharp  on  the  violet 
side,  between  4500  A  and  6500  A,  and  five  of  the  fluorine  lines. 
The  bands  are  listed  in  Table  III  as  carbon  tetrafluoride  bands. 
The  second  tube,  shown  in  Figure  3,  contained  electrodes  of  a 
gold-palladium  alloy.  The  heavy  metals,  which  resist  fluorine, 
sputter  badly,  so  that  a  tube  of  ordinary  pattern  soon  becomes 
short-circuited  across  the  sputtered  walls.  The  second  tube  was 
designed  to  avoid  this,  but,  in  so  doing,  its  resistance  was  made  so 
high  that  the  energy  required  to  operate  it  heated  the  capillary 
beyond  the  safety  point.     This  resulted  in  the  contamination  of 
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the  spectrum  by  lines  due  to  most  of  the  elements  in  the  glass, 
especially  silicon.  The  pressure  in  the  tube  was  about  5  mm.  At 
lower  pressures  the  fluorine  disappeared  rapidly;  at  higher  pres- 
sures the  resistance  increased.  The  photographs  of  this  tube  show 
about  500  lines,  including  most  of  those  due  to  fluorine. 

The  third  tube,  shown  in  Figure  4,  was  designed  to  operate 
with  a  steady  stream  of  fluorine  at  atmospheric  pressure.  The 
electrodes  are  of  gold  on  platinum  wires.  By  avoiding  self-induction 
and  capacity  it  was  found  possible  nearly  to  eliminate  metal  lines 
and  to  obtain  the  gas  lines  fairly  narrow.  A  tube  of  distilled  water 
of  I  square  cm  cross-section  and  60  cm 
long  served  as  a  resistance  in  the  spark 
circuit.  With  this  arrangement  it  was 
found  possible  to  run  the  tube  for  eight 
hours  without  perceptibly  heating  it.  "    ^ig 

The  absence  of  a  capillary  reduced  the 
action  on  the  glass,  and  such  impurities  as  were  formed  were  carried 
out  by  the  stream  of  fluorine  at  once.  Spectra  from  this  tube  show 
only  slight  traces  of  silicon  lines  in  the  extreme  ultra-violet,  or 
none  at  all. 

A  large  transformer,  operating  on  a  no-volt  A. C.  circuit,  fur- 
nished the  discharge  current  for  the  first  two  tubes.  The  third 
tube  was  operated  by  an  induction  coil  giving  a  6-inch  spark  on 
a  15-volt  storage  battery  circuit. 

Two  spectroscopes  were  used.  The  first  was  an  Adam  Hilger 
quartz  spectrograph  of  the  standard  type,  and  the  second  a  grating 
instrument  having  a  4-inch  concave  grating  of  50  cm  focal  length, 
with  a  dispersion  of  24.88  A  per  mm.  This  grating,  ruled  for 
vacuum  work  in  the  extreme  ultra-violet,  throws  practically  all  the 
light  into  the  first  order  and  is  faster  than  any  other  grating  in  the 
laboratory.  This  is  important,  as  the  source  of  light  is  quite  weak 
and  the  plates  were  slow  in  the  red. 

We  used  W^ratten  and  Wainwright  Panchromatic  Plates,  treated 
with  a  solution  of  3.5  cc  NH4OH  in  100  cc  H2O  to  increase  the  speed 
and  sensitiveness  in  the  red.  For  the  grating  we  used  Wratten 
and  Wainright  Panchromatic  Films,  treated  in  the  same  way. 
The  quartz  exposure  was  two  hours  and  the  grating  exposure  six 
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hours.  All  the  Imes  in  Table  I  except  the  longest  were  obtained 
on  both  instruments.  The  longest  line  appeared  only  on  the 
quartz  plate  when  heavily  exposed.  Its  wave-length  is  computed 
by  the  Hartman  interpolation  formula  and  is  accurate  to  about 
I  A.     The  line  at  X  6772.3  is  very  broad,  perhaps  double,  and  is 

TABLE  I 


PORLEZZA 

Smythe 

MOISSAN 

Int. 

Int. 

Int. 

6239.75 
6348.73 
6413-95 
6691 . 24 

6775-38 

10 

ID 

10 

2 

6 

6239-4 
6348.8 
6414. I 

10 

9 
8 

623 

634 
6405 

Strong 
Strong 
Strong 

6772.3d? 
6834.1 

6855.3 
6868.8 
6901.6 
6909 . I 
7034- 

2 
2 
6 

2 
2 

I 
I 

677 

683s 

6855 

6875 

Strong 
Medium 
Medium 
Medium 

691 
704 

iledium 
Medium 

accurate  to  about  0.5  A.  The  other  lines  are  accurate  to  o.i  A. 
The  copper  and  zinc  lines  from  a  brass  arc  photographed  on  each 
side  of  the  fluorine  lines  served  for  comparison.  No  lines  whatever 
appeared  in  the  violet,  but  weak  lines  might  have  been  present 
and  covered  up  by  the  nitrogen  bands.  The  lines  in  the  red 
follow  in  international  units. 

As  previously  mentioned,  a  set  of  bands  shading  toward  the  red 
and  supposed  to  be  due  to  carbon  tetrafluoride  was  photographed 
in  the  first  tube.  The  approximate  position  of  the  heads  of  these 
bands  is  as  follows: 

TABLE  II 


Int. 

Int. 

6525 

10 

5745 

8 

6500 

5 

541 1 

5 

6209? 

0 

5105 

3 

6108 

10 

4829 

I 

5860 

I 

In  conclusion  it  may  be  said  that  fluorine  has  a  characteristic 
spectrum  in  the  red  which  is  well  established  but  that  in  the  violet 
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the  situation  is  still  confused.  Apparently  it  has  no  spectrum  in 
the  green  and  yellow.  Our  plates,  showing  only  fluorine  and 
nitrogen,  were  blank  in  this  region.  It  may  be  that  a  more  power- 
ful discharge  than  was  possible  with  our  tubes  will  bring  out  the 
violet  lines. 

Thanks  are  due  Mr.  Bowen  and  Dr.  Aronberg,  who  assisted  in 
manipulating  the  apparatus  and  in  computing,  and  special  thanks 
are  due  Dr.  Gale,  who  supervised  these  investigations  and  whose 
suggestions  have  been  invaluable. 

University  of  Chicago 


ON  THE  ACCURACY  WITH  WHICH  MEAN  PARALLAXES 

CAN  BE  DETERMINED  FROM  PARALLACTIC  AND 

PECULIAR  MOTIONS^ 

By  henry  NORRIS  RUSSELL* 

ABSTRACT 

Accuracy  of  mean  parallaxes  determined  from  parallactic  and  peculiar  motions. — 
Assuming  that  the  stars  in  the  group  are  all  at  practically  the  same  distance  and  that 
the  velocities  are  distributed  according  to  ^Maxwell's  law,  it  is  shown  theoretically 
that  the  probable  errors  in  the  mean  parallaxes  determined  by  the  two  methods  are, 
respectiveh^,  =fc  1.035  V-ir/VoV^^  ^"^  ±0.721  Tr/\/n.  The  ratio  is  1.44  V/Vo  and 
depends  onh'  upon  the  average  value  of  the  peculiar  velocities,  V,  since  Vo  is  the  velocity 
of  the  sun.  It  follows  that  for  Cepheids,  stars  of  types  A  and  B  and  others  with 
peculiar  velocities  less  than  14  km.  the  parallactic  motions  give  the  better  result,  while 
for  stars  moving  faster  the  peculiar  motions- should  be  used.  The  formulae  also  show 
that  results  of  value  may  be  obtained  from  rather  small  groups. 

Statistical  study  of  180  stars  of  types  Bo  to  Bj. — The  mean  peculiar  velocities, 
radial  and  tangential,  are  6.5  km  and  o''oo76;  the  mean  parallax  computed  from 
parallactic  motions  is  o''oo83  (iri),  and  from  peculiar  motions  o''oo58  (xj).  From  vi 
and  the  mean  visual  magnitude,  4.08,  the  mean  absolute  magnitude  comes  out  —1.38. 
The  probable  errors  for  the  determinations  of  parallax  agree  closely  with  those  to  be 
expected  from  the  foregoing  theory.  The  lower  value  of  ttj  compared  with  vi  is  prob- 
ably due  to  the  inclusion  of  unknown  binaries  for  which  the  obser\'ed  peculiar  motions 
are  too  large. 

If  the  proper  motions  and  radial  velocities  are  known  for  a 
group  of  stars  the  mean  parallax  may  be  found  in  two  ways. 
Resohong  the  proper  motions  into  two  components,  v  toward 
the  solar  apex,  and  r  at  right  angles  to  this,  and  clearing  the  radial 
velocities  of  the  solar  motion  so  as  to  get  the  peculiar  velocities 
V,  we  have  the  familiar  equations 

_  u  sin  X  _      T  ,  X 

■7ri= ,       7r2  =  =  U; 

Vo  sin^  X  V 

where  as  usual  the  horizontal  bars  denote  mean  values,  and  where 
the  means  for  t  and  V  are  taken  regardless  of  sign  while  Vo  is  the 
velocity  of  the  sun's  motion  in  space,  and,  like  V,  is  expressed  in 
astronomical  units  per  year. 

To  examine  the  accuracy  of  the  two  methods  we  may  suppose 
that  we  are  dealing  with  a  group  of  stars  which  are  all  at  sub- 
stantially the  same  distance  (so  that  we  have  to  consider  only 
the  statistical  errors  resulting  from  the  fact  that  the  ''law  of 

'  Contributions  from  the  Mount  Wilson  Observatory,  Xo.  215. 
*  Research  Associate  of  the  Mount  Wilson  Observatory. 
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averages"  does  not  apply  exactly  to  small  groups)  and  that  the 
velocities  of  the  stars  are  distributed  according  to  Maxwell's  law, 
so  that  the  components  in  the  directions  of  v,  t,  and  V  obey  the 
Gaussian  law  of  errors,  the  probable  errors  defining  the  distribu- 
tion being  0.845  V  for  the  velocities  and  0.845  ^  ^  ^or  the  proper 
motions.  Let  n  be  the  number  of  stars.  The  ordinary  formula 
gives  for  the  probable  error  of  x  as  derived  from  the  first  equation 

0.845  TT  V 

^i  — 


Vo^n  sin^  X 

If  the  stars  are  distributed  uniformly  over  the  celestial  sphere 
the  value  of  sin^  X  is  f ;  if  they  are  close  to  the  Galaxy,  it  will  be 
approximately  §.     Taking  the  former  value,  we  have 

r.=  =^— ^prTT.  (2) 

For  the  second  equation,  the  statistical  error  arises  from  the 
fact  that  the  individual  average  values  of  r  or  F,  for  groups  of  n 
stars,  will  not  be  identical  with  the  averages  for  an  indefinitely 
large  number  of  cases. 

The  formula  in  this  case  is  long  established,  but  hardly  familiar, 
and  the  proof  is  so  simple  that  it  is  worth  giving.  Let  z>i,  v^,  .  .  .  . 
v„  be  any  set  of  n  quantities  (all  positive),  selected  at  random  from 
a  great  number,  distributed  according  to  the  law  of  errors,  whose 
arithmetical  mean  is  rj  and  whose  mean  square  value  is  e.  It  is 
well  known  that 

g2__^2^ 
2 

The  square  of  the  deviation  between  the  mean  of  these  particular 
quantities  and  the  mean  for  an  infinite  number  is 

-{v,-{-V2  ....  +v„—m]y. 
n 

In  the  individual  case  this  may  have  any  value;  but  suppose  we 
take  the  means  for  a  great  number  of  trials.  The  result  may  be 
obtained  by  expanding,  substituting  e^  for  each  squared  term  in  the 
result,  such  as  T^f;  7?  for  v  in  each  term  of  the  first  degree,  and  77^ 
for  each  product  such  as  z^itiz  (since  in  these  terms  large  and  small 
values  of  v  occur  indiscriminately  and  the  large  ones  do  not  multiply 
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themselves  as  in  the  case  of  v'^).  We  thus  find  for  the  mean  of 
the  squares  of  the  deviations : 

e«  =  ~  {nf?-\-  n{n—  i)r]^  —  2n^r}^-\-  li^nf)  =  -  (e^  —  r?^ )  = tf 

n^  n  211 

Although  the  distribution  of  these  deviations  for  individual  stars 
does  not  at  all  follow  the  Gaussian  law,  that  of  the  means  of  a  group 
of  six  or  more  will  probably  do  so  very  closely/  We  may,  there- 
fore, use  the  ordinary  formulae  for  computing  the  probable  error 
of  deviation  of  an  individual  mean  of  n  quantities  from  the  standard 
value  7]. 


;V'- 


—  2  O.15IO 

2W  -j/^ 


(3) 


The  statistical  probable  error  of  r  will  therefore  be  =*=    '';-    r, 

0.510-  ^    ^^ 

while  that  of  V  will  be  =•=       -    V.     Since  the  errors  are  independent 

of  one  another  and  proportional  to  the  whole  quantities  concerned, 
the  probable  error  of  their  quotient,  ttz,  will  be 

0.721  -  ,  . 

r,=  ±-— ^TTj  (4) 

V  n 

Comparing  this  with  (2),  we  have 

r='-44pr  (5) 

The  relative  precision  of  the  two  methods  depends  only  upon 
the  average  magnitude  of  the  peculiar  velocities  (assuming,  to  be 
sure,  that  the  sun's  motion  relative  to  the  stars  under  considera- 
tion is  accurately  known).  If  the  average  peculiar  velocity  of  the 
stars  is  less  than  14  km,  the  parallactic  motion  gives  the  better 
result;  otherwise  the  peculiar  motions  do  so. 

The  actual  law  of  distribution  of  velocities  is  not  Gaussian, 
large  velocities  being  in  excess.  This  will  operate  to  increase  some- 
what the  numerical  coefficients  in  (i)  and  (2)  but  should  not 
greatly  affect  their  ratio. 

Similarly,  in  any  actual  group  of  stars,  there  will  be  real  differ- 
ences in  parallax  between  the  members,  which  will  also  introduce 
a  statistical  error  into  the  determination  of  the  typical  mean  from 
small  samples,  even  though  the  individual  parallaxes  are  exactly 

'  Compare  Schlesinger,  Aslron.  Journal,  30,  185,  191 7. 
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known;  but  this  again  operates  to  increase  the  probable  errors  given 
by  both  methods  without  much  effect  on  their  relative  accuracy. 

It  follows  that  the  parallactic  motion  affords  the  best  means  of 
determining  the  mean  parallaxes  of  stars  of  spectra  A  and  B, 
of  Cepheids,  and  of  other  slow-moving  stars.  For  the  general  run 
of  naked-eye  stars  of  the  "later"  types  the  two  methods  are  about 
equally  good,  while  for  planetary  nebulae,  long-period  variables, 
and  other  rapidly  moving  objects,  the  peculiar  velocities  afford 
the  best  solution.  Results  of  value  should  be  obtainable  from 
rather  small  groups;  thus  the  peculiar  motions  of  ten  stars  give 
the  mean  parallax  with  a  probable  error  of  23  per  cent  of  its  own 
value  (so  far  as  the  statistical  errors  go) ;  and  the  parallactic  motions 
for  slow-moving  stars  should  give  a  considerably  better  value.  It 
should  further  be  noticed  that  the  accidental  errors  of  observation 
of  both  radial  velocities  and  proper  motions  will  increase  the  arith- 
metical mean  values  V  and  r,  while  their  influence  upon  the  algebraic 
mean  used  in  finding  tt  will  be  much  diminished.  This  is  not,  how- 
ever, a  serious  matter,  for,  if  the  magnitude  of  the  errors  of  observa- 
tion is  known,  their  effect  may  be  removed  from  both  V  and  r  by 
well-known  methods,  and,  in  any  case,  both  are  increased,  and  the 
errors  tend  to  compensate  one  another  in  their  quotient  Xa. 

As  an  example  of  these  principles,  the  180  stars  of  spectra  Bo 
to  B5  for  which  the  quantities  V  and  r  are  given  by  Campbell'  were 
divided  into  equal  groups  of  ten  stars  each.  To  secure  a  random 
distribution,  the  first,  nineteenth,  and  thirty-seventh  stars,  etc.,  were 
combined  to  form  one  group,  the  second,  twentieth,  and  thirty- 
eighth  were  in  the  next,  and  so  on.  The  results  are  given  in 
Table  I. 

Each  line  of  this  table  (except  the  last  three)  gives  mean  values 
for  one  of  the  eighteen  groups  of  ten  stars.  The  first  column  gives 
the  mean  of  the  \'isual  magnitudes;  the  second,  that  of  the  spectral 
classes;  the  third,  that  of  the  pecuHar  radial  velocities  (corrected 
for  the  solar  motion  and  K-term  according  to  Campbell's  solution 
III);  and  the  fourth,  that  of  the  r  components.  In  the  fifth 
column  are  the  mean  parallaxes  ^2  computed  from  the  peculiar 
motions  by  equation  (i);    in  the  sixth,  the  values  tti  found  from 

'  Lick  Observatory  Bulletin,  6,  101-124,  191 1. 
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the  parallactic  motions;  and  in  the  last  column,  the  absolute 
magnitudes  corresponding  to  the  parallaxes  in  the  preceding 
column  and  the  apparent  magnitudes  in  the  first. 

The  last  three  lines  of  the  table  give,  respectively,  the  means 
of  the  quantities  in  the  columns  above,  the  probable  error  of  one 
of  those  quantities  computed  in  the  usual  way  from  the  de\'iations 
from  the  mean,  and  the  ratio  of  the  probable  error  to  the  general 
mean  in  the  cases  where  this  is  significant. 

TABLE  I 


Mean 
Magnitude 

Mean 
Spectrum 

V 

^ 

ir^ 

Xj 

Abs. 
Mag. 

4-19 

4-38 

4-24 

3-98 

4.00 

3-22 

3.83 

4-71 

3-76 

4-09 

4-09 

4-19 

4-05 

4-35 

4-II 

4-41 

3-75 

4.01 

B3-5 

3-4 
2.1 
2.8 
2.  2 
2.7 
2.4 
3-6 
C.4 

3-2 

3-7 
3-9 
30 
3-9 
2.0 

3-4 
30 
3-3 

50 
6.2 

7-4 
10.4 
6.8 
6.4 
4.6 
9.0 
6.9 
4.6 
6.4 
50 
7.0 

7-3 
6.1 

5-8 
5-9 
6.6 

o''oo96 
43 
49 
68 

122 
55 
84 
73 
52 
72 
68 
77 

105 
94 
56 
79 
97 
64 

o''oo9i 
33 
31 
31 
92 

41 
87 
38 
36 
74 
50 
74 
71 
61 

43 
65 
78 
46 

o':oo87 
66 
69 
94 
93 
90 
103 

71. 

72 

SI 
65 

lOI 

93 
96 
62 
88 
100 
90 

—  I.I 

-1-5 
-1.6 

—  I.I 

—  I.  2 

—  2.1 

—  I.I 

—  I.O 
-1.9 
-2.4 
-1.8 
-0.8 

—  I.I 
-0.8 
-1.9 
-0.9 

-1-3 

—  1.2 

Means 4.08 

P.E.  one  entry  =t  0 .  2  2 
Ratio 

B3.0 

=•=0.41 

.6.5 

=ti.o 

=to.i5 

o''oo76 
±0.00155 
±0.20 

0*0058 
±0.00144 
±0.25 

o''oo83 
±0.00105 
±0.13 

-1.38 

±0.32 

The  "probable  errors"  for  the  mean  magnitude  and^ spectral 
type  indicate  only  the  degree  of  statistical  similarity  between  the 
various  groups,  which  is  fairly  high;  but  those  for  the  next  four 
quantities  afford  a  practical  test  of  the  apphcability  of  the  theory 
developed  above.  From  equation  (3)  the  ratio  of  the  probable 
error  of  one  of  the  tabular  values  of  F  or  r  to  the  average  value  of 
these  quantities  should  be  =±=0.16.  This  is  substantially  the  case 
for  V.  The  greater  variability  found  for  r  may  reasonably  be 
attributed  to  real  differences  in  the  mean  parallaxes  of  the  various 
groups  (which  were  assumed  to  be  the  same  in  deriving  the  for- 
mulae).    Equation  (4)  gives  ="=0.23  as  the  value  to  be  expected  for 
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TTz  and  equation  (2)  ±0.11  as  the  expectation  for  tti.  The  agree- 
ment in  both  cases  is  remarkably  close. 

There  is,  however,  a  remarkable  difference  between  the  means 
of  TTi  and  1^2,  the  latter  being  only  70  per  cent  of  the  former.  Only 
three  of  the  twenty  values  of  ttj  are  greater  than  the  mean  for  tti, 
and  only  one  value  of  ttj  is  smaller  than  the  mean  for  ttz.  The 
discordance  must  therefore  arise  from  some  real  cause,  and  there 
can  hardly  be  a  doubt  regarding  its  origin.  Campbell  calls  atten- 
tion^ to  the  fact  that  the  observed  values  of  V  must  be  systematic- 
ally too  great  on  account  of  the  inclusion  in  the  lists  of  some 
undetected  spectroscopic  binaries  for  which  the  greater  part  of 
the  observed  velocity  is  due  to  orbital  and  not  to  systematic  motion,^ 
and  of  the  probable  variabihty  of  the  K-term  from  one  star  to 
another;  and  Kapteyn^  has  pointed  out  that  the  accidental  error 
of  observation,  which  he  finds  to  correspond  to  a  probable  error 
of  =±=2.1  km  for  the  well-observed  stars,  must  also  operate  to 
increase  them. 

Campbell  adopts  the  value  6  km  instead  of  6.5  for  V,  which  would 
raise  Xz  to  ©''0063. 

To  obtain  full  accordance  with  ttj,  it  would  be  necessary  to 
reduce  F  to  4.5  km,  which  seems  too  large  an  allowance  for  these 
corrections,  especially  when  it  is  considered  that  Boss,''  from  more 
than  twice  as  many  stars  of  the  same  spectral  class,  finds  that  the 
r  components  correspond  to  a  peculiar  velocity  of  6.3  km. 

It  is  obvious,  however,  that  the  parallactic  motions  give  much 
the  better  result  in  the  case  of  the  B-stars,  irrespective  of  this  uncer- 
tainty; and  Kapteyn  has  based  his  classical  work  almost  entirely 
upon  them. 

For  rapidly  mo\Tng  stars,  however,  the  peculiar  motions  are  rela- 
tively much  less  influenced  by  such  minor  sources  of  error  as  have 
just  been  described,  and  by  their  use  reliable  values  for  the  mean 
parallax  can  be  obtained  from  groups  of  stars  of  moderate  number. 

Mount  Wilson  Observatory- 
July  2,  1921 

'  Op.  ciL,  p.  121. 

'There  are  53  of  Campbell's  180  stars  for  which  his  ftotes  indicate  that  the 
radial  velocities  are  of  inferior  accuracy.  The  mean  V  for  these  is  7.5  km;  for  the 
remainder,  6.1  km.     Hence  the  effect  of  this  correction  is  small. 

^  Astrophysical  Journal,  40,  71,  1914.  *  Astronomical  Journal,  26,  198,  191 1. 
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Tables  du  mouveinent  keplerien,  premiere  partie.  By  F.  Boquet. 
Paris:    A.  Herman  et  fils,  1920.     8vo.  pp.  vi+205. 

These  tables,  published  witJi  the  aid  of  a  grant  from  the  Academic 
des  sciences,  contain  the  true  anomaly  and  the  logarithm  of  the  radius 
vector  in  elliptic  orbits  whose  eccentricities  do  not  exceed  0.49.  These 
are  the  third  tables  for  the  true  anomaly  and  the  second  for  the  radii 
vectores  that  have  been  pubUshed  within  eight  years.  The  first  of 
these,  by  Schlesinger  and  Udick,  appeared  in  the  Publications  of  the 
Allegheny  Observatory  in  191 2;  they  give  v  (the  true  anomaly)  for  each 
degree  in  M  (the  mean  anomaly)  and  each  o.oi  in  e  (the  eccentricity). 
They  go  as  far  as  6  =  0.77,  The  second  tables  are  by  J.  Peters  of  the 
Berlin  Rechen-Institut  (also  published  in  191 2);  they  give  the  values  of 
v—M  to  o?oi  and  the  logarithm  of  r  (the  radius  vector)  to  o.oooi  for 
each  degree  of  M  and  each  10'  in  <^,  sin  ^  being  equal  to  e.  They  extend 
as  far  as  ^  =  24°,  equivalent  to  6  =  0.407.  The  present  tables  use  the 
true  anomaly  as  one  of  the  arguments,  and  give  M  to  o?ooi  and  log  r  to 
0.0000 1  for  each  degree  in  v  and  each  o.oi  in  e.  The  use  of  the  true 
anomaly  as  an  argument  instead  of  the  mean  anomaly  is  no  real  incon- 
venience, although  it  may  appear  to  be  so  at  first  sight.  To  be  sure, 
we  almost  always  enter  such  tables  with  M  (which  depends  directly  upon 
the  time),  and  we  must  therefore  subtract  the  fractional  part  of  the 
nearest  M  in  the  table  from  the  given  M  in  order  to  obtain  the  interpolat- 
ing factor,  or  the  fraction  by  which  it  is  necessary  to  multiply  the  tabular 
difference;  we  then  add  this  product  to,  or  subtract  it  from  the  tabular 
1).  In  the  present  tables  this  last  operation  is  really  eliminated  since 
the  z^'s  are  all  given  to  whole  degrees,  so  that  what  this  arrangement  does 
is  merely  to  substitute  a  subtraction  in  M  for  an  addition  or  subtrac- 
tion in  V. 

The  Allegheny  tables  were  primarily  intended  for  spectroscopic 
binaries,  and  the  Institut  tables  for  asteroids;  both  of  them,  as  well  as 
the  present  tables,  however,  can  be  used  for  either  purpose  and  for  visual 
binaries  in  addition.  Computers  who  deal  extensively  with  any  of  these 
classes  of  objects  will  do  well  to  have  all  three  tables  within  reach. 

In  connection  with  each  value  of  the  mean  anomaly,  M.  Boquet 
prints  two  tabular  differences;    the  first  is  for  two  successive  values  of 
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V  and  the  same  value  of  e;  the  second  is  for  two  successive  values  of  c 
and  the  same  value  of  v.  The  Allegheny  tables  give  only  the  former 
difiference,  the  Institut  tables  give  neither;  but  in  both  cases  the  tables 
are  printed  in  such  a  way  as  to  make  these  differences  less  indispensable. 
Thus,  in  the  Allegheny  tables,  seven  values  of  e  can  be  put  on  a  page  with 
the  corresponding  i''s  in  close  juxtaposition;  in  the  Institut  tables,  as  no 
differences  at  all  are  given,  it  is  found  possible  to  put  thirteen  values  of 
e  on  each  page.  In  M.  Boquet's  tables  only  two  values  of  e  are  on  a 
page. 

These  tables  were  calculated  in  an  interesting  way  that  seems  to 
be  well  known  to  the  computers  of  perturbations,  but  which  may  be 
new  to  some  readers.  The  differential  coefficient  of  the  mean  anomaly 
with  respect  to  the  true  anomaly  is 

(i  — e^)i-^(I+e  cos  z')^. 

This  can  be  very  easily  computed  for  a  fixed  value  of  c,  and  with  v  =  o°.^, 
i?5,  2?5,  etc.  Adding  up  these  coefficients  in  succession  it  is  obvious 
that  we  thus  obtain  apJDroximations  to  the  values  of  M  for  successive 
values  of  v  that  differ  by  1° ;  these  approximations  may  be  made  accurate 
by  allowing  for  differences  of  the  second  and  higher  orders;  or  we  may 
avoid  calculating  the  higher  differences  by  computing  v  for  frequent 
values  of  M,  say  every  tenth  degree,  and  using  the  differences  only  over 
these  shorter  spans.  M.  Boquet  has  pursued  a  middle  course  by  allowing 
for  second-order  differences  only,  and  by  checking  his  additions  at 
intervals  of  45°.  This  method  is  obviously  of  general  appHcation  (and 
helps  greatly  to  avoid  errors)  whenever  the  differential  coefficients  are 
easy  to  calculate,  and  when  in  addition  the  differences  of  higher  order 
are  not  too  great.  This  is  the  reason  why  the  present  tables  use  v  as 
the  argument  instead  of  M. 

The  differential  coefficient  of  the  logarithm  of  the  radius  vector  with 
respect  to  the  true  anomaly  is 

a  constant  X  sin  v-i-(-  -f-cos  v 

which  is  likewise  easy  to  compute  for  fixed  values  of  e  or  for  fixed 
values  of  v. 

In  order  to  give  additional  accuracy,  M.  Boquet  has  put  a  +  or  a  — 
after  some  of  his  tabular  numbers;  the  former  when  the  two  neglected 
decimals  are  between  20  and  49,  the  latter  when  the  tabular  number  has 
been  increased  from  any  decimal  between  50  and  79.  In  the  reviewer's 
opinion  it  would  have  been  better  to  print  instead  an  additional  decimal. 
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Doubtless  the  objection  that  M.  Boquet  (and  others  who  have  used  this 
device)  would  urge  against  the  additional  decimal  is  that  it  would  entail 
considerable  labor  to  make  sure  that  this  decimal  is  always  the  nearest 
one.  But  this  same  objection  partly  applies  to  putting  +  or  —  after  a 
number,  as  it  must  sometimes  be  doubtful  whether  such  a  sign  should 
be  added  or  left  off.  Besides,  computers  should  not  fear  to  publish 
tables  in  which,  if  need  be,  the  tabular  numbers  are  occasionally  in  error 
by  a  little  more  than  half  a  unit  in  the  last  printed  place,  though  there 
seems  to  be  a  tradition  against  doing  this  that  few  tables  have  had  the 
courage  to  disregard.  But  if  in  any  set  of  tables  the  last  printed  place 
is  not  always  the  very  nearest,  a  general  statement  to  that  effect  should 
be  made.  The  use  of  +  and  — ,  with  occasional  blanks,  spoils  the  looks 
of  the  page,  and  does  not  save  any  expense. 

It  is  a  great  pleasure  to  welcome  after  an  absence  of  hve  or  six  years 
the  return  of  the  good  quality  of  paper  to  which  we  are  accustomed  in 

French  publications. 

Frank  Schlesixger 
February  21,  1921 
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THE  FLUORESCENCE  OF  MERCURY  VAPOR 

By  J.  S.  VAN  DER  LINGEN  and  R.  W.  WOOD 

ABSTRACT 

The  Fluorescent  spectrum  of  mercury  vapor  cannot  be  excited  in  quiescent  vapor,  but 
only  in  vapor  which  is  being  distilled  from  the  metal  at  a  temperature  of  150°  or  more. 
This  proves  that  the  active  molecules  are  not  neutral  monatomic  molecules  but  others 
present  only  during  distillation,  perhaps  diatomic  molecules.  The  spectrum  consists 
of  three  lines — X  2536,  2539,  and  2346  A — and  four  structureless  bands  with  maxima 
at  2346,  2540,  3300,  and  4850  A.  While  the  complete  spectrum  is  excited  by  light 
from  a  zinc  spark,  single  lines  excite  only  part.  The  relation  of  the  spectrum  to  the 
exciting  light  is  of  great  interest.  The  broad  bands  with  maxima  at  3300  and  4850 
may  be  excited,  with  varying  relative  intensity,  by  X  1854-62,  2346,  or  2536-40  A; 
whereas  the  band  x  2346-2100  A  is  e.xcited  only  by  x  2000-2150  A,  the  position  of  the 
maximum  depending  on  the  particular  wave-length  used.  All  the  efifective  exciting 
lines  lie,  of  course,  in  the  absorption  spectrum  of  mercury  vapor. 

The  fluorescence  of  mercury  vapor  was  first  observed  by  Hartley 
while  he  was  carrying  out  experiments  on  the  absorption  spectra  of 
the  elements  and  their  compounds.^ 

He  found  that  the  hot  vapor,  which  was  contained  in  an  unex- 
hausted quartz  vessel,  showed  an  absorption  band  which  extended 
from  2526.8  A  to  2571.67  A  and  that  it  fluoresced  when  it  was 
excited  by  either  a  lead-cadmium  or  a  tin-cadmium  spark,  the 
color  of  the  fluorescent  light  being  bluish  green.  He  observed  that 
the  fluorescent  light  was  most  brflliant  when  the  mercury  w^as  boil- 
ing briskly  and  that  the  fluorescence  ceased  when  all  the  mercury 
had  been  converted  into  vapor  above  the  boiling-point  of  the 
metal. 

'  Proceedings  of  the  Royal  Society,  76,  428,  1905. 
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From  these  observations  he  concluded,  (a)  that  the  phenomenon 
was  not  due  to  oxidation,  because  of  the  expulsion  of  the  air  during 
the  brisk  boiling  of  the  metal,  and  {h)  that  there  must  be  an  upper 
and  a  lower  Umit  of  temperature  between  which  fluorescence 
occurs. 

Subsequently  Professor  R.  W.  Wood  proved  that  mercury 
vapor  in  vacuo,  at  room  temperature,  shows  two  absorption  lines, 
viz.,  2536.7  A  and  a  fainter  one  at  2539.3  A?  ^^^d  that  these  fuse 
together  when  the  temperature  is  increased,  while  a  band  develops 
asymmetrically  toward  the  red  end  of  the  spectrum,  the  head  of 
the  band  remaining  fixed  at  2536.7  A.^  If  air  be  introduced  into 
the  bulb,  the  head  first  grows  s\Tnmetrically  for  about  8  angstrom 
units  on  either  side  of  2536  A,  and  then  extends  toward  the  red  end 
only.  It  was  thus  due  to  the  presence  of  air  that  Hartley  found  the 
absorption  band  extending  to  2526.8  A.  Wood  also  foimd  that 
there  are  absorption  lines  at  2346.1,  2339,  2334.4,  and  2331.2  A 
and  that  these  lines  shaded  off  toward  the  \dolet  end  of  the  spectrum. 
If  the  density  of  the  vapor  be  increased,  these  lines  fuse  together 
and  form  a  band.  The  development  of  this  band  is  difficult  to 
trace  because  it  is  blotted  out  by  the  absorption  band  which  heads 
from  the  absorption  line  1849  A  to  the  visible  spectrum.  He  found 
that  the  fluorescent  spectrum  of  the  vapor  in  vacuo  is  continuous 
and  extends  "roughly  from  the  yellow  down  to  wave-length  3000 
with  a  very  pronounced  minimum  at  wave-length  3600,"  and  that 
these  bands  show  very  little  change,  if  any,  when  the  vapor  is 
excited  by  isolated  lines  of  a  spark  spectrum.  In  addition  to  these 
fluorescent  bands  Wood  found  an  emission  line  at  2536.7  A,  and 
a  fainter  companion  line  2539.4  A  when  the  vapor  is  excited  by  an 
aluminum  or  cadmium  spark,  the  emission  being  due  to  the  last 
aluminum  line  and  a  group  of  cadmium  lines  which  Ue  near  the  head 
of  the  1849  absorption  band.  In  the  latter  case,  however,  the 
emission  hne  is  much  Vv^eaker  than  in  the  case  of  aluminum  excita- 
tion. "This  line  appears  strongest  when  the  vapor  density  is  such 
that  the  \'isible  fluorescence  does  not  quite  appear.  As  the  tem- 
perature is  raised  and  the  visible  fluorescence  grows  stronger,  the 
2536  line  fades  away."     Furthermore  he  showed  that  the  fluores- 

^  Philosophical  Magazine  (6),  18,  240,  1909. 
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cence  disappears  when  the  vapor  is  superheated,  and  also  when  air 
is  introduced  into  the  bulb. 

Immediately  after  the  appearance  of  Wood's  results  Steubing 
published  his  observations  on  the  fluorescence  of  mercury  vapor, 
and  he  showed  that  not  only  is  the  mercury  line  2536  A  emitted, 
but  also  the  mercury  line  2346  A,  when  the  vapor  is  excited  by  an 
aluminum  spark.  He  also  found  a  fluted  band,  which  extends  from 
this  latter  line  to  about  2100  A.  Furthermore  he  found  that  the 
ionization  of  the  vapor  was  increased  when  it  was  excited  by 
radiations  lying  within  an  absorption  band  of  short  wave-length. 
These  results,  he  maintains,  are  in  conformity  with  Stark's  theory 
of  absorption  and  fluorescence.^ 

In  1 9 14  Phillips^  examined  the  resonance  phenomenon  of  this 
vapor,  which  was  discovered  by  Wood,  i.e.,  the  emission  of  2536  A 
when  the  vapor  at  room  temperature  is  excited  by  2536  A  of  a 
water-cooled  quartz-mercury  arc.  In  order  to  determine  the  percent- 
age of  secondary  resonance  radiation,  he  allowed  the  vapor  to  distil 
past  a  horizontal  slit  and  discovered  that  the  vapor  emitted  2536  A 
as  well  as  the  fluorescent  bands  after  it  had  passed  out  of  the  tract 
of  the  exciting  light.  He  maintains  that  there  are  four  fluorescent 
bands  which  from  their  position  on  his  spectrum  appear  to  be  at 
the  following  positions  approximately:  (i)  a  diffused  band  at  about 
2700  A;  (2)  heads  on  3132  A  and  ends  at  3650  A;  (3)  at  4360  A; 
(4)  a  narrow  band  on  the  side  of  this  region  toward  long  wave- 
lengths. From  what  has  been  said  it  appears  that  mercury  has 
absorption  lines  at  1849,  2346,  and  2536  A  and  three  absorption 
bands:  (i)  heads  from  1849  A  to  the  visible  spectrum;  (2)  consists 
of  the  fused  lines  at  2346  A  which  develop  into  a  band;  (3)  extends 
asymmetrically  from  2536  A  to  the  visible  spectrum  as  the  tempera- 
ture is  increased. 

With  regard  to  the  work  on  the  fluorescent  bands  and  lines  the 
results  of  the  different  observers  do  not  agree. 

OBJECT   OF   RESEARCH 

The  object  of  the  following  work  was  to  find,  as  far  as  possible, 
the  exact  conditions  under  which  mercury  vapor  fluoresces,  and 

'  Physikalische  Zeitschrift,  10,  787,  1909. 

^  Proceedings  of  the  Royal  Society,  89,  39,  1914. 
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also  to  determine  the  correlation  between  excitation  in  the  various 
absorption  bands  and  the  emitted  fluorescent  lines  and  bands. 

In  the  course  of  a  somewhat  extended  study  of  the  fluorescence 
of  the  vapor  made  by  one  of  us,  phenomena  have  from  time  to 
time  been  noticed  which  indicate  that  the  fluorescence  is  not  due 
to  the  monatomic  mercury  molecule.  The  evidence  was  thus 
summarized  in  a  monograph  on  fluorescence  not  yet  in  print : 

A  thin-walled  bulb,  highly  exhausted  and  containing  a  drop  of  mercury  was 
heated  in  an  Heraeus  electric  furnace  and  illuminated  by  an  aluminum  spark 
placed  close  to  the  bulb.  The  temperature  of  the  furnace  was  determined  by 
a  nitrogen-filled  mercury  thermometer,  placed  close  to  the  quartz  bulb.  With 
the  temperature  rising  very  gradually  a  very  feeble  fluorescence  was  observed 
at  150°  C.  while  at  170°  C.  it  was  very  bright.  The  density  of  the  mercury 
vapor  is  increased  less  than  twofold  by  this  temperature  increase,  whereas  the 
intensity  of  the  fluorescence  was  certainly  tenfold,  if  not  more.  On  cooling 
the  furnace,  fluorescence  disappeared  entirely  as  soon  as  the  temperature  had 
fallen  three  or  four  degrees,  though  the  density  was  much  greater  than  that 
at  which  good  fluorescence  had  been  obtained  with  a  rising  temperature. 

This  makes  it  appear  probable  that  something,  diatomic  molecules  perhaps, 
commenced  to  come  off  the  mercury  at  a  temperature  of  150°,  the  percentage 
of  these  fluorescing  bodies  increasing  with  rising  temperature.  As  the  tem- 
perature falls  these  bodies  are  no  longer  given  off,  and  those  already  present 
disappear,  probably  by  conversion  into  ordinary  monatomic  vapor. 

The  present  investigation  started  out  with  a  more  careful  study 
of  this  phenomenon.  The  experiment  was  repeated  by  using  a 
similar  quartz  bulb  which  was  placed  over  an  asbestos  chimney  and 
gently  heated  by  means  of  a  Bunsen  burner  while  a  thermometer 
was  placed  over  the  bulb.  On  exciting  the  vapor  by  means  of  an 
aluminum  spark  placed  near  the  bulb,  it  was  found  that  the  vapor 
exhibited  faint  fluorescence  at  160°  C,  the  intensity  increasing 
rapidly  with  a  rise  of  temperature. 

On  allowing  it  to  cool,  the  fluorescence  would  cease  at  about 
200°,  and  would  only  appear  again  on  reheating  up  to  220°  C. 
Very  variable  results  were  obtained  by  this  method  of  heating,  as 
was  perhaps  to  be  expected,  but  they  verified  completely  the  result 
of  the  earlier  investigation,  namely,  that  the  intensity  of  the  fluores- 
cence is  a  function  of  something  other  than  the  vapor-density. 

To  secure  a  better  control  of  temperature,  an  electric  furnace 
was  constructed  of  galvanized  iron,  lined  with  asbestos,  the  interior 
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being  divided  into  two  compartments  by  a  vertical  sheet  of  asbestos 
board.  Two  quartz  bulbs  joined  by  a  short  tube  formed  the 
mercury-vapor  chamber,  the  tube  passing  through  the  asbestos 
partition.  On  either  side  of  this  partition  an  equal  number  of 
heating  spirals  were  connected  in  series,  and  at  the  same  time 
compensating  spirals,  having  independent  circuits,  were  fixed 
radially  in  each  compartment.  In  this  way  the  two  connected 
bulbs  could  be  kept  at  the  same  temperature,  or  a  given  difference 
of  temperature  between  them  could  be  established  and  held 
indefinitely.  The  exciting  light  entered  the  furnace  as  a  parallel 
beam  through  a  lateral  hole,  passing  through  the  two  bulbs  and 
their  connecting  tube.  In  some  cases  the  bulbs  were  illuminated 
one  at  a  time  by  a  beam  entering  the  furnace  at  right  angles  to 
the  axis  of  the  bulb  system.  At  constant  temperature  visible 
fluorescence  could  not  be  obtained;  in  other  words,  it  was  apparent 
that  distillation  must  be  going  on  in  order  to  secure  fluorescence. 
To  settle  this  point  definitely,  the  following  very  conclusive  experi- 
ment was  performed : 

Two  bulbs  of  very  thin  quartz,  each  about  i  cm  in  diameter, 
were  joined  by  a  short  tube  of  quartz  of  about  1.5  mm  bore. 
The  two  bulbs  were  mounted  over  a  tall  asbestos  chimney,  with  a 
Bunsen  burner  at  its  base.  The  bulbs  of  two  thermometers  were 
placed  immediately  above  the  quartz  bulbs.  Operating  under 
conditions  avoiding  air  currents  in  the  room,  the  two  bulbs  could 
be  held  at  nearly  the  same  temperature.  One  was  always  a  little 
cooler  than  the  other  (about  5°)  and  in  this  one  the  liquid  mercury 
of  course  collected. 

WTien  things  had  reached  a  steady  state,  say  with  one  bulb  at 
200°  and  the  other  at  205°,  both  bulbs  being  illuminated  by  the 
hght  of  an  aluminum  spark  placed  close  to  them,  no  fluorescence  was 
observed.  A  blast  of  cold  air,  delivered  through  a  small  tube,  was 
now  directed  against  the  hotter  of  the  two  bulbs,  reducing  its 
temperature  enormously.  The  other  bulb  instantly  flashed  into  a 
bright  green  fluorescence,  which  persisted  until  the  last  drop  of 
mercury  in  it  had  disappeared,  vanishing  at  the  moment  when 
distillation  ceased. 
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The  mercury  was  found  now  deposited  as  a  dew  on  the  cooled 
spot  of  the  wall  of  the  other  bulb.  The  air  current  was  now  stopped 
and  presently  this  bulb  commenced  to  fluoresce  as  its  temperature 
soon  rose  to  its  original  value  (205°)  and  the  mercury  began  to 
distil  back.  No  fluorescence  was  shown  in  either  case  m  the  bulb 
in  which  condensation  was  taking  place.  This  was  to  be  expected, 
as  the  pressure  was  lower  in  this  part  of  the  system. 

However  we  interpret  the  results  of  this  experiment,  the  fact 
is  definitely  estabhshed  that  only  freshly  formed  mercury  vapor  is 
capable  of  exhibiting  fluorescence. 

This  is  not  true  of  the  resonance  radiation  described  in  previous 
papers  by  one  of  us,  since  mercury  vapor  in  an  exhausted  tube  at 
room  temperature  emits  powerfully  monochromatic  light  of  wave- 
length 2536  A  when  illuminated  by  light  of  this  same  frequency 
obtained  from  a  water-cooled  quartz-mercury  arc.  Now  it  is  known 
from  the  pre\dous  investigation  just  alluded  to  that  the  same  radia- 
tion is  also  emitted  by  comparatively  dense  mercury  vapor  (say 
4  mm  pressure)  when  it  is  illuminated  by  the  spark  lines  in  the 
region  1860-18  70  A. 

It  seems  therefore  desirable  to  ascertain  whether  this  emission 
depended  also  upon  distillation.  This  radiation  appears  first  at 
much  lower  vapor-densities  than  any  at  which  \'isible  fluorescence 
does,  which  suggests  that  it  very  probably  results  from  the  stimula- 
tion of  monatomic  mercury  molecules,  and  does  not  depend  upon 
the  presence  of  diatomic  molecules  or  other  unique  entities. 

The  presence  of  this  radiation  can  of  course  be  detected  only  by 
the  quartz  spectrograph.  The  double  bulb  just  described  was 
used  as  before,  the  spectrograph  being  directed  at  the  hotter 
bulb  (250°).  An  exposure  of  2  minutes  was  given,  the  bulb  being 
illuminated  with  the  light  of  the  aluminum  spark.  A  faint  trace 
only  of  the  2536  Hg  line  appeared  on  the  plate:  no  visible  fluores- 
cence was  observed.  This  experiment  was  now  repeated,  and  after 
an  exposure  of  2  minutes  had  been  given,  the  spectrograph  was 
screened  off  and  the  mercury  brought  over  into  the  hotter  bulb 
by  an  air  blast.  On  removing  the  blast,  the  mercury  commenced 
to  distil  back,  and  \'isible  fluorescence  occurred.  Exposures  were 
now  made  on  the  same  plate  of  2,  4,  6,  and  8  seconds'  duration. 
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On  developing  the  plate  it  was  found  that  the  exposure  of  2  seconds 
with  the  vapor  distilling  recorded  the  2536  line  with  the  same 
density  as  the  2  minutes'  exposure  of  the  stagnant  vapor.  This 
indicates  that  the  2536  emission  line,  excited  by  the  short-wave- 
length spark  lines,  results  in  all  probability  from  the  stimulation  of 
the  entities  which  give  rise  to  the  \isible  fluorescence,  but  that 
a  few  of  them  are  present  even  in  the  stagnant  vapor,  distillation 
increasing  their  number  about  sixty  fold. 

We  will  now  consider  the  relation  which  exists  between  the 
wave-length  of  the  exciting  light,  and  the  distribution  of  intensity 
among  the  various  fluorescent  bands  and  lines. 

The  absorption  of  mercury  vapor  is  rather  complex,  and  as  one 
or  two  points  in  regard  to  it  were  still  somewhat  obscure,  the 
investigation  commenced  with  a  study  of  this  phenomenon. 
Combining  previous  work  with  our  supplementary  observations 
we  arrive  at  the  conclusion  that  the  absorption  spectrum  is  as 
represented  in  Figure  la,  \dz. : 

1.  A  strong  absorption  line  at  2536  A,  and  a  weaker  one  at 
2539  A. 

2.  Four  lines  at  2346,  2339,  2334,  2331  A  which  fuse  together 
with  rise  of  temperature,  forming  a  band  which  gradually  pushes 
toward  the  side  of  short  wave-lengths  with  increasing  vapor-density. 

3.  There  is  in  addition  a  strong  absorption  line  at  1849  A  corre- 
sponding to  the  powerful  emission  line  at  the  same  point. 

4.  Two  strong  and  very  as\TTimetrical  absorption  bands,  one 
with  its  head  in  close  proximity  to  the  2539  line  and  the  other 
^\^th  its  head  near  1849  A-  These  bands  creep  out  gradually,  with 
increasing  vapor-density  toward  the  region  of  longer  wave-lengths. 

The  complete  fluorescence  spectrum,  which,  for  reasons  which 
will  be  explained  presently,  is  given  by  excitation  with  the  zinc 
spark,  is  shown  diagrammatically  in  Figure  ib. 

It  consists  of:  (i)  a  s}'mmetrical  structureless  band,  extending 
from  the  red  down  to  wave-length  3700,  with  its  maximum  at 
4850  A;  (2)  a  similar  broad  band  with  a  maximum  at  3300  A,  the 
two  fusing  together  with  long  exposure;  (3)  an  asymmetrical  faint 
band  coinciding  with  the  absorption  band  just  above  2539;  and 
(4)  a  somewhat  as>Tnmetrical  band  extending  from  2349  to  2100  A. 
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There  are  in  addition  the  lines  2536  A  and  2539  A,  which,  how- 
ever, are  not  very  strongly  developed  with  the  zinc  spark. 

It  is  of  the  utmost  importance  to  find  out  how  the  absorption 
bands  and  lines  are  related  to  the  fluorescent  emissions. 

For  the  examination  of  this  point  it  is  necessary  to  excite  the 
vapor  with  monochromatic  radiation  or  groups  of  such  radiations 
lying  in  different  regions  of  the  absorption  bands. 


Fig.  I 

a,  absorption  spectrum 

b,  fluorescent  spectrum  due  to  excitation  by  zinc  spark 
\-,  exciting  lines  |,  emission  lines 


Two  methods  have  been  employed  for  the  isolation  of  such 
radiations,  \'iz.,  prismatic  decomposition  of  the  Kght  of  the  spark 
by  means  of  two  large  quartz  lenses  with  a  quartz  prism,  and  the 
method  of  focal  isolation  emplo3'ed  by  Rubens  and  Wood  for  the 
isolation  of  very  long  heat  waves. 

In  the  former  case  two  quartz  lenses  of  8  cm  aperture  and  50 
cm  focus  were  used  in  conjunction  with  two  Cornu  prisms,  mounted 
on  top  of  one  another.  In  this  case  the  bulb  was  placed  imme- 
diately behind  a  tm  screen,  perforated  with  a  slit  and  coated  with 
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Willemite,  on  which  the  spark  lines  were  focused.  This  screen  rested 
on  the  funnel  beneath  which  the  Bunsen  burner  was  placed,  and 
the  bulb  was  placed  immediately  behind  the  slit.  By  moving  the 
quartz  lens  any  desired  spectrum  line  could  be  passed  through  the 
slit  to  the  bulb. 

In  the  second  case  the  central  portions  of  each  lens  were  screened 
off  by  means  of  a  black  paper  disk.  The  axes  of  the  lenses  and  the 
spark  were  placed  in  line  with  a  small,  circular  hole  in  a  metal 
screen,  coated  with  Willemite,  behind  which  the  bulb  was  placed. 
The  desired  groups  of  rays  were  then  focused  so  as  to  pass  through 
this  hole  on  to  the  bulb.  The  object  of  the  disk  was  of  course  to 
cut  out  the  central  beam  of  light. 

This  second  method  gives  greater  intensity  of  illumination,  as 
the  absorption  of  the  prism  is  avoided,  the  full  aperture  of  the 
lenses  is  utilized,  and  the  greater  transparency  of  the  thin  edges  of 
the  lenses  for  the  very  short  wave-lengths  comes  into  play.  It 
suffers  from  the  disadvantage  that  only  a  rather  wide  group  of 
radiations  can  be  isolated.  Focal  isolation  with  mercury  fluores- 
cence clearly  shows  the  presence  of  the  group  of  weak  zinc  lines 
between  1900  A  and  i860  A.  These  lines  are  absorbed  by  the 
monochromator  to  such  an  extent  that  they  have  no  effect  on  either 
the  Willemite  screen  or  the  mercury  vapor.  To  avoid  the  possible 
absorption  of  the  fluorescent  light  by  the  vapor,  the  quartz  spectro- 
graph was  directed  toward  the  face  of  the  bulb  where  the  light 
entered  in  such  a  direction  that  little  of  the  exciting  light  was 
reflected  into  the  spectroscope.  This  condition  was  obtained  by 
reducing  the  diaphragm  of  the  spectroscope  and  observing  the 
bulb  through  the  instrument  (eye  placed  at  the  focus)  and  arrang- 
ing matters  in  such  a  way  that  none  of  the  spark  images  seen 
reflected  from  the  bulb  walls  fell  within  the  aperture  of  the 
diaphragm. 

EXCITATION   IN   THE    1 849    ABSORPTION    BAND 

This  absorption  band  begins  at  wave-length  1849  A  and  extends 
toward  the  visible  spectrum  with  increase  of  vapor-density,  reach- 
ing 2200  A  at  about  280°  C,  with  a  column  of  vapor  10  cm  in  length. 
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On  separating  the  aluminum  lines  by  means  of  the  mono- 
chromator  and  allowing  Al  1854  to  excite  the  vapor,  it  was  found 
that  visible  fluorescence  first  appeared  at  210°  C.  and  that  the 
slightest  increase  in  the  temperature  caused  the  fluorescent  beam 
to  recede  to  the  face  of  the  bulb. 

On  photographing  the  emission  spectrum  it  was  found  that  the 
excitation  caused  the  emission  of  the  2536  line,  and  the  continuous 
band  in  the  green-violet  (maximum  at  4850).  On  increasing  the 
density  and  photographing  the  emission  spectrum  again,  it  was 
found  that  the  2536  line  was  weaker,  the  green-violet  band  was 
more  intense,  and  the  ultra-violet  band  (maximum  intensity  at 
3300  A)  now  appeared  and  grew  stronger  as  2536  A  decreased  in 
intensity.  No  trace  of  the  2539  line  appeared,  though  this  may 
have  been  due  to  insufficient  exposure. 

From  this  it  appears  that  excitation  at  low  vapor-density,  with 
radiation  at  the  head  of  the  extreme  ultra-\'iolet  band,  causes  a 
concentration  of  the  emitted  energy  in  the  green-violet  band;  at 
higher  vapor-density,  however,  the  ultra-violet  band  appears  and 
the  2536  line  fades  away.  The  same  thing  was  observed  if  the 
excitation  was  caused  by  the  Al  lines  in  the  region  1854-1862, 
though  in  this  case  there  was  a  trace  of  the  ultra-violet  band,  even 
at  the  low  density,  while  at  the  higher  density  it  was  nearly  as 
strong  as  the  green-violet  band.  The  development  of  the  ultra- 
violet band  is  thus  seen  to  be  favored  by  excitation  in  a  region  a 
little  removed  from  the  head  of  the  band. 

It  must  be  understood,  however,  that  the  wide  ultra-violet 
absorption  band  may  be  a  complex  of  several  bands,  each  one 
associated  with  an  emission  band.  If  this  were  the  case,  we  should 
then  have  the  green-violet  band  associated  with  the  component  of 
the  ultra-\iolet  absorption  band  which  falls  just  above  the  1849 
line,  the  ultra-\dolet  emission  band  with  a  component  of  the  absorp- 
tion of  somewhat  longer  wave-length,  and  if  there  were  a  third 
component  of  still  longer  wave-length,  and  we  excited  in  this 
region,  we  should  expect  a  third  fluorescent  band  still  farther  down 
in  the  spectrum. 

This  is,  in  fact,  the  case,  because  on  excitation  by  the  group  of 
zinc  lines  in  the  region  2000-2 1 50  A  we  find  a  new  fluorescent  band, 
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not  pre\aously  described,  in  the  region  2349  to  2100.  This  band 
occupies  approximately  the  position  of  Steubing's  fluted  band,  of 
which  we  have  never  been  able  to  find  any  trace.  In  addition,  we 
find  a  trace  of  2536  A  and  2539  A  and  a  faint  band  with  its  head 
at  2539  A  which  corresponds  to  the  absorption  band  shown  in 
Figure  la. 

The  newly  discovered  fluorescent  band  at  2346  A  behaves  in 
a  manner  quite  different  from  that  of  the  bands  in  the  green-violet 
and  upper  ultra-violet. 

This  band  is  excited  in  its  entirety  by  the  group  of  four  zinc 
lines  2024,  2061,  2909,  and  2138  A.  If  these  are  separated  by  the 
monochromator  and  the  excitation  is  produced  by  each  in  turn,  it 
is  found  that  the  region  of  maximum  intensity  in  the  new  ultra- 
violet band  moves  to  the  violet  end  of  the  spectrum  as  the  exciting 
line  moves  toward  the  visible  end  of  the  spectrum,  i.e.,  excitation 
by  the  zinc  line  of  shortest  wave-length  gives  us  only  the  portion 
of  the  emission  band  of  longer  wave-lengths,  while  excitation  by 
the  zinc  line  of  longest  wave-length  gives  only  the  short-wave- 
length portion  of  the  band.  Expressing  this  in  other  words,  when 
we  excite  by  the  zinc  lines  in  succession  (increasing  wave-length), 
the  emission  band  moves  down  toward  the  excited  region.  If  now 
we  move  the  exciting  wave-length  still  farther  up  the  spectrum, 
utiHzing  a  group  of  cobalt  hues  in  the  region  of  the  group  of  absorp- 
tion lines  at  2346  A,  we  obtain  the  green-violet  band  and  the  next 
ultra-violet  band  (3300)  of  uniform  intensity.  The  same  is  true 
if  we  excite  with  the  monochromatic  radiation  of  the  2536  Hg  line 
obtained  from  the  water-cooled  mercury  arc. 

There  is  left  now  only  the  absorption  band  just  above  2539  A. 
If  we  form  an  image  of  the  two  strong  zinc  lines  (one  of  which  lies 
to  the  right  and  the  other  to  the  left  of  the  2536  Hg  line)  on  the 
surface  of  the  quartz  bulb,  we  find  on  heating  the  bulb  that  the  zinc 
line  of  longer  wave-length  causes  fluorescence.  This  line  falls  within 
the  absorption  band  above  referred  to.  The  spectroscope  shows 
that  in  this  case  we  have  also  the  green- violet  and  ultra-violet  bands 
of  uniform  intensity. 

On  exciting  the  vapor  by  all  the  aluminum  lines  lying  below 
2360  a  faint  line  appeared  at  2346  A  when  the  vapor  was  distiUing 
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slowly.  On  increasing  the  vapor-density  this  line  increases  in 
intensity,  but  is  soon  blotted  out  by  the  extreme  ultra-\'iolet  band 
which  increases  relatively  faster  m  intensity  than  the  line.  In 
addition  to  the  emission  of  2346  A,  first  observed  by  Steubing,  and 
the  band  in  this  region,  2536  A,  2539  A  and  the  green-violet  and 
ultra-violet  bands  are  emitted. 
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WAVE-LENGTHS  AND   PERIODIC   CHANGES   OF 

SPECTRAL  TYPE  IN  THE  VARIABLE 

STAR  /  CARINAE 

By  SEBASTIAN  ALBRECHT 
ABSTRACT 

Cepheid  variable  I  Carinae;  periodic  variations  in  wave-lengths  and  spectral  type. — 
Since  the  wav^e-lengths  of  many  lines  in  stellar  spectra  change  progressively  with 
spectral  type  it  might  be  expected  that  in  the  case  of  a  variable  star  periodic  changes 
of  wave-length  might  occur.  A  detailed  study  of  I  Carinae  shows  this  to  be  true. 
The  results  of  measurements  of  178  lines  between  XX  4236  A  and  4495  A,  made  on  17 
three-prism  spectrograms  obtained  at  Lick  Observator>%  are  given  in  Table  I.  In 
general,  those  lines  which  \-ar>'  in  wave-length  with  stellar  type  var>-  progressively 
from  light-maximum  to  light-minimum,  shifting  by  about  0.05  to  0.2 A.  The  spectrum 
may  not  correspond  to  a  pure  type  at  any  phase,  but  by  taking  the  average  of  the 
types  indicated  by  the  diiierent  lines  for  each  phase,  it  is  found  that  the  mean  type 
varies  from  F  8  near  light-maximum  to  G  9  near  light-minimum.  From  this  change 
of  type  a  change  of  color-index  ma}'  be  inferred  which  agrees  with  the  changes  observed 
or  inferred  for  other  Cepheids,  showing  that  color  is  correlated  not  only  to  the  hydrogen 
spectrum,  as  others  have  found,  but  also  to  the  general  spectrum.  Discrepancies 
between  these  results,  based  on  changes  of  wave-length,  and  those  of  Adams  and  Joy, 
based  on  changes  of  relative  intensity  and  width  of  lines,  are  discussed. 

Relation  of  the  spectral  types  of  Cepheids  to  their  periods.- — By  tabulating  the 
available  data  it  is  shown  (i)  that  Cepheids  are  progressively  of  "later"  type  as  the 
length  of  the  period  of  light-variation  increases;  and  (2)  that  the  range  of  variation 
of  type  is  about  one  type-interval  and  is  independent  of  the  period. 

INTRODUCTION 

In.  my  first  paper'  on  the  determination  of  wave-lengths  in 
stellar  spectra  of  known  t}^es  it  was  found  that  for  many  lines  the 
wave-lengths  remain  substantially  the  same  in  all  of  the  spectral 
types  in  which  these  lines  are  present.  For  numerous  other  lines, 
however,  the  wave-lengths  change  progressively^  from  t>^e  to  t>^e, 
so  that  for  any  particular  line  a  smooth  curve  can  be  drawn  through 
points  plotted  with  AX  as  ordinates  and  types  as  abscissae.  In  my 
early  experience  this  was  found  to  hold  so  rigidly  that  it  was  pos- 
sible to  estimate  the  stellar  type — ^which  had  not  previously  been 
looked  up — from  the  residuals  of  radial  velocity,  or  of  equivalent  AX, 

'  Lick  Observatory  Bulletin,  4,  90,  1906,  and  Astrophysical  Journal,  24,  333,  1906. 
*  Progressive  in  the  sense  of  not  having  discontinuities,  but  with  no  restrictions  as 
to  direction  of  change. 

161 


l62  SEBASTIAN  ALBRECHT 

for  a  few  of  the  lines  which  are  subject  to  the  most  pro- 
nounced changes  in  position.  Subsequently  this  inversion  of  the 
process  was  employed  for  developing  a  method^  whereby  the 
spectral  type  can  be  quantitatively  determined  from  the  spectro- 
grams of  the  star  by  a  direct  comparison  of  the  measured  wave- 
lengths with  the  curves  representing  the  variations  in  the  regular 
series  of  t}^es. 

At  the  time  when  the  progressive  changes  in  wave-length  as  a 
function  of  stellar  t}^e  were  discovered,  it  was  pointed  out^  that 
similar  changes  of  wave-length  which  would  be  progressive  with 
the  phase  of  light-variation  might  be  found  in  the  spectra  of 
individual  variable  stars.  Such  periodic  changes  of  wave-length, 
if  found,  would  offer  a  quantitative  method  for  the  determination 
of  actual  changes  in  spectral  t\'pe  synchronously  with  the  changes 
in  light.  The  very  limited  amount  of  material  then  available, 
principally  for  the  star  77  Aquilae,  ''.  .  .  .  showed  very  strong 
indications  of  just  such  variations  in  the  positions  of  certain  Hnes. 
.  .  .  ."^  At  my  suggestion  Director  Campbell  kindly  asked  Dr. 
Curtis,  then  in  charge  of  the  IMills  Observatory  in  Chile,  to  secure 
for  this  study  series  of  spectrograms  of  the  fourth-class  variable 
stars  /  Carinae  and  k  Pavonis.  The  present  paper  discusses  the 
measures  of  the  spectrograms  of  /  Carinae,  a  =  9''42™;  5=— 62°3' 
(1900);  magnitudes  3.6-5.0;  period  35.5  days,  which  were  secured 
at  that  time. 

PART  I.      WAVE-LENGTHS  FROM:  4236  A   tO  4495  A, 
OBSERVED  WITH  THREE  PRISMS 

Seventeen  three-prism  spectrograms  of  I  Carinae  are  available. 
Three  of  these  (Nos.  299,  311,  and  312)  were  taken  with  the  short 
(16-inch)  camera,  and  fourteen  with  the  long  (2ij-inch)  camera.'' 
H7  is  central  on  the  plates,  and  the  Fe  spark  was  used  as  source 
of  light  for  the  comparison  spectra.     All  of  the  plates  were  measured 

^  AslrophysicalJournal,  33,  130,  191 1. 

» Ibid.,  24,  335,  1906. 

3  Lick  Observatory  Bulletin,  4,  131,  1907;  and  AstrophysicalJoiirnal,  25,  334,  1907, 
footnote. 

^  Publications  oj  the  Lick  Observatory,  9,  56,  1907. 
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by  the  writer  before  leaving  Mount  Hamilton,  except  Nos.  1149, 
1 150,  and  1201,  which  were  measured  by  Dr.  Olivier,  and  No.  312, 
which  was  measured  by  Dr.  Palmer  and  the  writer.  Miss  Hobe, 
Dr.  Clancy,  and  Dr.  Merrill  assisted  in  the  preliminary  reductions. 
The  methods  of  measurement  and  reduction  employed  are  similar 
to  those  described  in  Publications  of  the  Lick  Observatory,  9,  and  no 
large  errors  would  be  introduced  by  assuming  the  system  to  be  the 


TABLE  I 


X  for  Radial  \'elocity 

Number  of 

Long-Camera 

Plates 

X  for  Radial  Velocity 

Number  of 

Long-Camera 

Plates 

4245 
50 
50 
54 
74 
88 

438 

296 

Q^Z 

8 
13 
13 

9 

9 
14 
13 

6 

14 
14 
13 
II 

14 
14 
14 
14 
14 
10 

4 
13 
14 
14 
14 

4379 
83 
87 
91 
95 
99 

4400 
01 
04 

07 
08 

17 
20 
27 
28 
41 
42 
47 
50 
59 
66 
68 
4476 

383 

720 

007 

147 

7 
13 
14 
14 
14 

^02 

955 

14a 

2^? 

017 

14 
14 
14 
13 
13 
8 

92 

93 

94 

4306 

13 
I  ? 

•J04. 

61^ 

224 

277 

61^ 

932 

921 

8s3 

043 

178 

^7Q 

86^ 

13 
14 
14 

18 

870 

686 

20 

07? 

444 

2^ 

19s 

lOA              .      .      . 

71 ; 

12 

28 

87^ 

13 
14 

34 
37 
39 

52 

52 

71 

4376 

071;     

C2Q 

227 

01 ; 

13 
13 
14 

71-1 

654 

oi8 

^17 

040 

749 

14 

267, 

66^ 

13 
13 

211 

same  as  for  plates  with  numbers  500+  in  that  volume.  However, 
in  order  to  define  the  system  more  accurately  for  future  use,  the 
stellar  wave-lengths  employed  in  the  reductions  for  radial  velocity 
are  given  in  Table  I,  together  with  the  number  of  long-camera 
plates  on  which  these  lines  were  used.  Half  of  these  lines  are  of 
constant  wave-length,  both  in  /  Carinae  and  in  the  corresponding 
t3^es  in  the  stellar  series.  The  remaining  lines  vary  in  wave-length. 
Logically,  only  the  stellar  lines  of  constant  wave-length  should 
have  been  used  in  defining  the  system,  and  the  reductions  might 
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have  been  repeated,  a  posteriori,  for  this  purpose.  However,  a 
detailed  examination  of  the  lines  of  variable  wave-length  shows 
that  the  increases  and  decreases  of  wave-length  for  the  various 
phases  of  the  star  pretty  closely  balance  each  other,  so  that  no 
appreciable  gain  would  result  in  this  case  from  a  re-reduction. 
The  details  for  the  wave-lengths  of  the  Fe  comparison  lines,  the 
dispersion  formula,  and  the  correcting  curve  used  with  the  formula, 
being  the  same  for  my  more  extensive  measures  of  Southern  Mills 
spectrograms  with  numbers  500 -f,  more  appropriately  belong  with 
those  results  and  need  not  be  duplicated  here.  Other  data  in 
regard  to  the  spectrograms  are  available,  if  desired  by  anyone. 
The  observed  wave-lengths  (on  the  Rowland  system,  defined), 
obtained  from  the  individual  spectrograms,  correct  relatively  to 
each  other  within  errors  of  measurement  and  reduction,  are  given 
in  Tables  II  and  III,  columns  2  to  18.  With  the  exception  of  the 
double  measures  for  Plate  312,  each  tabulated  value  was  derived 
from  a  single  complete  measure,  i.e.,  from  two  settings  of  the 
micrometer  thread  in  the  direct  and  two  in  the  reversed  positions 
of  the  plate.  The  arrangement  of  the  spectrograms  in  a  sequence 
according  to  phase  of  velocity  and  of  light  variation  of  the  star, 
as  well  as  the  additional  columns,  are  for  purposes  to  be  dis- 
cussed in  Part  II.  The  figures  directly  below  the  plate  numbers' 
in  the  headings  give  the  phase-interval  to  the  nearest  tenth  of 
a  day,  after  maximum  of  light.^  Italics  signify  that  the  line  is 
especially  poor  in  appearance.  The  means  in  the  ''remarks" 
column  and  footnotes  refer  to  the  long-camera  plates  only,  except 
when  it  is  apparent  from  the  subscript  that  short-camera  plates 
have  also  been  included.  The  wave-lengths  for  the  lines  in  stellar 
t}^e3  are  taken  in  part  from  Boletin  No.  i  of  the  Cordoba  Observa- 
tory and  in  part  from  unpublished  data.  As  these  contain  small 
systematic  corrections  which  may  be  somewhat  altered  in  a  defini- 
tive discussion  to  be  made  later,  they  should  not  be  employed  at 
present  to  derive  systematic  corrections  to  the  wave-lengths  in 
I  Carinae. 

'  The  Roman  numerals,  which  refer  to  the  plate-holders,  have  been  omitted  in 
the  plate  numbers. 

^  No  recent  or  good  early  light-curve  is  available. 
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PART  II.   CHANGES  OF  SPECTRAL  TYPE  IN  /  C.ARINAE 

My  early  measures  and  reductions,  in  1908,  showed  quite 
clearly  changes  of  spectral  type  from  maximum  to  minimum  light. 
This  change  of  tj^De  is  at  once  evident  by  comparing  under  a 
microscope  a  plate  taken  near  maximum  with  one  taken  near 
minimum.  Unfortunately  the  spectrograms  are  not  at  hand,  so 
that  I  shall  have  to  be  content  with  reproducing  some  of  my  notes 
from  such  a  comparison  made  rather  hastily  in  1908: 

The  absorption  is  greater  at  light-minimum.  The  spectrum  has  a  some- 
what knotted  appearance,  giving  the  impression  of  the  presence  of  bright 
lines.  Probably  on  account  of  the  increased  absorption  this  appearance 
becomes  more  prominent  at  minimum.  A  direct  comparison  of  plates  1 1 1 5  II 
and  1220  IV,  at  2.6  and  24.0  days  respectively  after  maximum,  shows: 
4351  stronger  at  minimum. 
4352.9  stronger  at  minimum. 

4358.9  widened  toward  the  violet  and  stronger  at  minimum. 
4376. 1  faint  at  maximum;  strong  at  minimum. 

4404 . 9  stronger  and  widened  at  minimum — thus  resembhng  late  type. 
4408.5  becomes   very   much   stronger   at   minimum.     Compare   appearance 

with  4409  .5. 
4413  . 7  good  and  sharp  at  maximum;  becomes  somewhat  weaker  and  fuzzy  at 

minimum. 
-4422.0  widens  toward  violet  at  minimum;   violet  edge  fuzzy  at  minimum. 
4325  .6  red  edge  fuzzy  at  maximum;  line  broad,  strong,  and  sharp  at  minimum; 

very  marked. 
4437 .9  broad  and  fairly  strong  at  minimum;  at  maximum  very  faint. 
4445.7  strong    and    sharp    at    minimum;    very   faint    (not   measurable)    at 

maximum. 
4471.0  has  edge  toward  red  fuzzy  at  maximum;    sharp  at  minimum;    very- 
decided  difference. 
4481.4  Mg  and  Ti  much  weaker  at  minimum. 
4482.3  much  stronger  at  minimum. 
4490       much  stronger  at  minimum. 

The  last  line  is  a  blend  of  ^489.91  Fe  4,  in  sun-spots  6,  and 
4490.25  Mn-Fe  3  N,  in  spots  3-4.  These  notes  are  especially 
interesting  when  compared  with  the  data  for  the  same  lines  in 
Tables  II  and  III,  most  of  which  were  subsequently  obtained  and 
which  they  supplement  as  far  as  they  go.  The  changes  of  inten- 
sities from  near  light-maximum   (t\^e  F9.4)    to  near  minimum 
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(type  G8.6)'  run  parallel  with  the  changes  from  sun  (type  G)  to 
sun-spots  (type  K).  Note  also,  for  example,  that  4445.7,  marked 
"very  faint  (not  measurable)  at  maximum,"  later  received  no 
measures  near  maximum. 

Although  the  wave-lengths  resulting  from  my  early  reductions 
were  at  the  time  compared  for  type  with  my  first  curves  of  variation 
in  the  stellar  series,  publication  of  the  results  was  delayed  because 
this  comparison  lacked  the  quantitative  accuracy  which  was  readily 
foreseen  to  be  possible.  The  improvement  of  the  curves  for  the 
stellar  types  and  my  method  for  determining  stellar  types^  resulted 
largely  from  a  desire  to  determine  accurately  the  changes  of  spec- 
tral type  in  variable  stars  in  a  way  which  would  be  strictly  quan- 
titative and  be  as  free  as  possible  from  the  personal  element. 
The  results  given  below  for  /  Carinae  still  do  not  represent  the 
greatest  accuracy  attainable  by  these  methods,  for  the  reason 
that  the  measures  are  not  all  by  one  observer,  and,  from  the 
experience  gained,  a  somewhat  improved  list  of  lines  could  be 
selected  for  measurement.  I  hope  that  observers  with  adequate 
instrumental  equipment  may  extend  this  work  to  other  variables 
and  to  other  regions  of  the  spectrum,  as  we  may  confidently  expect 
very  profitable  results.  If  desired,  I  would  gladly  suggest  a  suit- 
able list  of  lines  to  anyone  who  wishes  to  take  up  a  similar  study. 
The  dispersion  of  three  prisms  should  be  employed  in  order  to  have 
the  scale  sufficiently  large.  The  effects  noted  below  were  first 
looked  for  on  the  one-prism  spectrograms  of  Y  Ophiuchi  and  T 
Vulpeculae,  but  the  dispersion  was  inadequate.  For  best  results 
all  the  different  factors  entering  into  the  problem,  such  as  slit- 
width,  general  intensities  of  exposure,  development,  etc.,  should  be 
maintained  as  constant  as  possible.  Except  for  very  short  light- 
periods,  the  exposure  time  may  more  safely  be  varied  than  the  slit- 
width  to  allow  for  the  changing  intensities  of  the  light.  For  the 
present,  in  order  to  avoid  certain  systematic  effects,  discussed  in 
a  report  to  the  Solar  Conference  in  1913,  the  curves  of  variation 
of  wave-length  upon  which  determinations  of  type  are  to  be  based 

'  See  Table  IV,  Plates  1115  and  1220. 
^  Astrophysical  Journal,  33,  130,  1911. 
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Lines  of  Varying  Wave-Lengths 

Spectrograms  arranged  according  to  phase  of  light  variation 

Continuous  lines  for  /  Carinae;  dashed  lines  for  types 
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should  be  determined  from  plates  taken  with  the  same  instrumental 
equipment  which  was  used  to  obtain  the  plates  for  the  star  under 
consideration. 

The  wave-lengths  in  Tables  II  and  III  furnish  the  data  for 
a  quantitative  determination  of  the  spectral  type  of  /  Carinae 
corresponding  to  each  spectrogram.  The  individual  lines  give 
separate  determinations  of  type  by  comparison  of  the  observed 
wave-lengths  with  the  curves  of  variation  found  for  the  lines  in  the 
general  series  of  stellar  types.  With  but  two  exceptions  only 
curves  published  in  Boletin  No.  i  of  the  Cordoba  Observatory 
(191 1)  were  used.     The  results  of  this  comparison  are  collected  in 
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Fig.   2.— Simultaneous  variations  of   spectral  type  and  of  radial  velocity  in 
I  Carinae. 


Tables  IV  and  V,  which  are  self-explanatory,  and  in  the  figures. 
The  weights  in  the  third  column  of  Table  IV  were  formed  according 
to  {a)  the  range  of  variation  of  wave-length  from  types  F  to  K  in 
the  stellar  types,  and  (&)  the  definiteness  of  the  curve  showing  the 
change  of  wave-length  with  change  of  phase  in  I  Carinae,  taking 
into  account  also  the  number  of  observations  upon  which  the  curve 
is  based.  The  means  at  the  bottom  of  Table  IV,  which  may  be 
regarded  as  fairly  representing  the  actual  changes  of  type  in  this 
star,  are  compared  in  Figure  2  with  the  simultaneous  changes  of 
radial  velocity.  The  curves  for  spectral  type  and  for  radial  velocity 
in  the  figure  synchronize  with  each  other  about  as  closely  as  other 
variations  in  Cepheids  have  been  found  to  synchronize  with  each 
other. 
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Note. — In  Table  IV,  the  seventeen  vertical  columns  show  a  range  of 
types  one  and  three-fourths  times  as  great  as  the  horizontal  lines.  On  account 
of  the  preliminary  status  of  the  method  some  lines  were  included  in  the  deter- 
minations of  type  for  which  slight  changes  of  wave-length  correspond  to  large 
changes  of  type.  The  inevitable  result  is  that  not  only  will  moderate  accidental 
errors  of  measurement  increase  both  the  horizontal  and  the  vertical  ranges 
greatly,  but  smaU  bodily  displacements  of  wave-length  for  such  a  line  in  the 
spectrum  of  the  star  w'ill  shift  the  corresponding  changes  of  type  to  a  very 
different  level,  directly  ailecting^  the  range  in  the  vertical  columns.  To  illus- 
trate: One  line  may  show  a  range  of  variation  from,  let  us  say,  A  to  G  while 
another  line  may  indicate  variations  between  G  and  K  or  M,  the  variations 
for  the  two  Hnes  synchronizing  with  each  other  and  with  the  light-  and  velocity- 
variations  of  the  star.  For  these  reasons  the  probable  errors  accompanying 
Table  IV,  which  were  computed  from  the  vertical  ranges  actually  listed,  do 
not  represent  the  limit  of  accuracy  which  is  inherent  in  the  method.  The 
means  at  the  bottom  of  the  columns  may  nevertheless  be  regarded  as  repre- 
senting fairly  well  the  actual  changes  of  type  of  the  star,  because  the  errors 
referred  to  above,  which  are  systematic  for  individual  lines,  partake  of  the 
nature  of  accidental  errors  for  purposes  of  the  means. 

In  order  that  the  reader  may  not  carry  away  the  erroneous  impression 
that  an  enormous  amount  of  time  will  be  involved  in  practical  applications  of 
the  method  employed  above  for  the  determination  of  spectral  tj'^pe,  it  may  be 
well  to  call  attention  to  the  fact  that  the  method  is  still  in  the  preliminary 
stages  of  development.  The  aim  has  been  to  include  as  large  a  number  of 
lines  as  the  nature  of  the  spectra  and  other  limitations  would  permit,  for  the 
simple  reason  that  the  behavior  of  all  lines  was  unknown  and  could  not  be 
safely  determined  by  inference.  As  was  pointed  out  in  the  article,  a  con- 
siderable amount  of  exploratory  work  is  still  urgently  needed.  Eventually 
measurement  for  type  waU  be  restricted  to  a  very  limited  list  of  most  suitable 
lines,  probably  not  more  than  from  eight  to  twelve  per  plate  in  addition  to 
those  used  for  radial  velocity. 

TABLE  V 
Additional  Lines  Given  as  Variable  in  Cordoba  Observatory  Bolelin  No.  i 

X  4254.5  Partly  indeterminate  and  partly  discordant. 

4267  . 1  Curve  for  stellar  types  is  too  weak — only  six  observations. 

4274.9  Unsatisfactory.  Not  entirely  accordant,  nor  is  it  especially  dis- 
cordant. 

4293  .2  Too  few  observations  in  I  Carinae. 

4314.3  Partly  in  accord  in  /  Carinae,  but  the  small  range,  together  with  the 
oscillations  in  steUar  types,  render  this  line  unsuited  for  determina- 
tions of  spectral  type. 
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43 1 5 . 1  Wave-lengths  in  /  Carinae  are  nearly  all  above  the  highest  parts  of 
the  curv^e  for  stellar  types.  This  is  one  of  the  few  lines  which  seem 
to  be  discordant. 

4318.8  Partly  accordant  and  partly  indeterminate.  The  range  of  variation 
is  apparently  greater  in  I  Carinae  than  in  stellar  types. 

4321 .9  Partly  indeterminate — range  from  G  to  K2  is  only  .016  A. 
4325.1  Wave-length  changes  by  approximately  the   same  amount  as  in 

types  G  to  K,  but  the  curve  for  types  is  systematically  higher  by 
.035  A±. 
4325.9  More  or  less  accordant,  aside  from  being  systematically  higher  by 
.035  A±. 

4340.6  H7.     One  measure  for  Plate  1212  corresponds  to  type  K2. 

4351. 1  Weakly  determined  both  in  types  and  in  /  Carinae. 

4352.0  Not  suitable  for  this  purpose  with  present  data — variation  only 
.011  A  from  F  to  K. 

4354.7  Data  weak  in  /  Carinae  and  in  types. 

4359.8  More  or  less  indeterminate  in  types  F  to  K  except  with  a  large 
number  of  observations. 

4362  . 2  Data  weak. 

4394.2  In  types  later  than  G  the  measured  line  is  a  blend  of  X  .225  with 
two  weak  companions  to  the  violet.  The  former  gradually  becomes 
weaker  and  the  latter  stronger.  In  /  Carinae  the  faint  companions 
were  not  included  in  the  measures,  as  is  indicated  by  a  note  for 
measure  on  Plate  1220. 

4427.4  Omitted  because  too  much  of  results  had  to  be  extrapolated. 

4443  . 9  The  measure  sometimes  includes  the  companion  to  the  red,  X  4444 .  385. 
The  displacement  toward  the  red  in  the  later  types  and  in  /  Carinae 
near  light-minimum  may  be  largely  due  to  personality  in  the  settings 
on  close  pairs;  the  companion  at  X  .385  is  then  moderately  strong, 
whereas  it  is  quite  weak  in  early  types  and  in  /  Carinae  near  maximum 
light.  With  the  additional  data  which  I  have  for  stellar  spectra 
taken  with  several  different  dispersions,  it  should  be  possible  to 
separate  the  personality  effects  from  the  true  displacements. 

4459.3  Not  suited  for  this  purpose,  because  in  stellar  types  the  variation 
of  the  wave-length  is  confined  almost  entirely  to  types  earlier  than  G. 

The  Figures  i,  in  which  the  observed  wave-lengths  on  individual 
spectrograms  are  represented  by  circles,  give  three  things  for  each 
line :  (a)  the  curve  showing  the  variation  of  wave-length  in  /  Carinae 
with  change  in  phase  of  velocity  and  variation  of  the  light;  (b)  the 
spectral  t>pe  for  each  plate  obtained  by  comparing  the  wave-length 
taken  from  the  curve  in  (a)  with  the  curve  for  the  stellar  series; 
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and  {c)  that  portion  of  the  curve  for  the  stellar  series  which  corre- 
sponds to  the  means  of  the  types  for  the  individual  spectrograms  of 
/  Carinae,  i.e.,  from  F9  to  G9.4  and  back  to  F8. 

The  two  curves  in  the  graphs  generally  rise  or  fall  together 
toward  light-minimum,  even  v/hen  widely  separated  by  systematic 
differences,  thus  illustrating  how  the  individual  lines  show  the 
progressive  change  of  the  star  to  the  so-called  later  t^pes.  Note 
especially  the  lines  with  a  large  range  of  variation,  such  as  4412.2, 
4416.9,  4422.0,  4425.6,  4464.7,  and  4469.4.  For  only  one  line, 
4403.4,  the  main  tendencies  of  the  two  curves  indicate  opposite 
directions  of  change  of  wave-length.  Minor  or  secondary  devia- 
tions between  the  two  curves  are  to  be  expected,  first,  because  the 
present  data  are  not  ideal  in  every  way,  as  explained  above,  and 
second,  because  of  the  fair  possibility — -and  even  perhaps  proba- 
bility— that  the  changes  of  t}'pe  with  changes  of  phase  in  the  light 
and  variations  of  velocity  do  not  coincide  in  every  detail  with  the 
corresponding  stellar  tjpes  as  classified  at  present,  and,  moreover, 
may  not  always  repeat  themselves  exactly  in  different  periods. 
Also  in  the  variable  star  where  the  surface  conditions — i.e.,  in 
the  comparatively  shallow  layer  in  which  all  of  the  light  that 
reaches  us  originates — -are  undergoing  constant  and  apparently 
violent  changes,  it  would  seem  that  a  considerable  overlapping  of 
the  distinguishing  characteristics  of  t>Tpes  almost  certainly  takes 
place.  An  exact  correspondence  would  perhaps  be  more  surprising 
than  the  presence  of  moderate  differences. 

An  interesting  comparison  is  to  follow  in  detail  (for  the  compo- 
nents of  lines)  the  changes  of  intensity  from  sun  to  sun-spots  and 
from  spark  to  arc  and  to  compare  these  with  the  observed  changes 
of  wave-length  in  the  series  of  stellar  types  and  in  /  Carinae.  The 
last  five  columns  in  Table  II  aid  in  showing  the  remarkable  extent 
to  which  all  of  these  changes  run  parallel.  Some  of  these  have 
been  collected  in  Table  VI  in  order  to  bring  out,  in  a  way  in  which 
verbal  description  cannot,  how  some  of  the  shifts  are  produced 
by  a  weakening  of  an  enhanced  component  as  the  star  approaches 
light-minimum,  while  other  shifts  are  due  to  a  marked  strengthening 
of  arc  or  of  sun-spot  lines.  "Str"  stands  for  a  strengthening  and 
"wk"  for  a  weakening  of  the  component. 


l82 


SEBASTIAN  ALBRECHT 
TABLE  VI 


Sun 

Sun 
Spots 

Sp.iRK 

Arc 

Near  Minimum 

^ROWXAND 

Violet 
Comp. 

Red 
Comp. 

Shift  of 
Blend  in 

Star 

a)  Enhanced  Lines  or  Weakened  in  Spots 

4261.891 

.086 

•142 

4314.248 

•381 

•  479 

•673 

4320.661 

2 

i\ 

1/ 

Sc     3 
I 

Ti     I 

ON 

o\ 

00/ 

Sc    3 

2 

0 

1-2 

3 

I 

Cr5-6 

0 

wk 

wk 

to  violet 
to  red 

•756 

•907 

■119 

A?7I .X 

Ti3 

I 

'wk" 

wk 

wk 

to  \'iolet 
to  red 

4395 •201 

4399-776 

-935 

4412.092 

4416.636 

.811 

•985 

4469-316 

-441 

-545 

4472.884 

Ti    3 

Ni    0 

Ti,  Cr    3 

I 

V     0 

OON 
2 

Ti     I 

0000 
Fe    4 

Fe    i\ 
Mn    0/ 

Ni?    0 

2 

Tig 

5 

to  red 

2 

0 

i:  I 

I 
o-i 

4 
2 
00 

Ti7 

3 

"wk" 

wk 

to  violet 
to  red 

wk 

to  violet 

wk 

to  red 

-967 

.  096 

wk 

to  violet 

b)  Spot  Lines  or  Arc  Lines 

4258.219 

•477 

4265.832 

.081 

4278.308 

•390 

4288.038 

•  149 

•310 

432i^8i3 

.961 

.  204 

4344-451 

.670 

4351.000 

216 

IN 

Fe    2 

Ti    0 

Mn     2 

Fe-Ti  3 
Ti     2 

Ni    I 

Ti,  Fe    I 

Ti     0 

Fe    2 

ON 

Ti     2 
Cr    4 
Ti     I 
Cr    3 

Zr     i\ 

1/ 
00 
Cr    2 

o-i 

4 

O-I 

2-3 

str 

to  red 

str 

to  violet 

3-4 

str 

to  red 

2 

I 

n.c. 

6 
n.c. 

5 
1-2 

3-4 

Ru  I 

I 

str 

to  red 

str 

to  violet 

Ti3 

I 

str 

to  red 

Ti  2 

0 

str 

* 

4371-144 

Zr3 

I 

.221 

•320 

•442 

str 

to  red 

*  To  red  in  late  types. 
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183 


Sun 

Sun 
Spots 

Spark 

Arc 

Near  Minimum 

^Rowland 

Violet 
Comp. 

Red 
Comp. 

Shift  of 

Blend  in 

Star 

b)  Spot  Lines  or  Arc  Lines 

4389.801 

0 

Mn,  Ni?o 

00 

V  2 
Ti    3 

V,  Zr     2 

Zr  ONd  ? 

Sc    3 

V  I 

V  2\ 

Fe    4/ 

V  00 
Cr    0    - 

V  0 

OON 
2 

V  0 
Ti  00 

I 
0 
Ti?    2 
Mn    2\ 
Fe    1/ 

930 

034 

149 

201 

413 

343 

555 

738 

810I 

871/' 

092 

297 

415 

636 

811 

985 

733 

928 

104 

226 

617 

844 

938 

4 

2 

3 

str 

to  red 

4395 

Ti9 

5 

str 

to  red 

4400 

3-4 
3 
8 
0 

1:0 
1:1 

I 

i:  I 

0 

00-0 

n.c. 

3-4 

str 

to  red 

4407 

strf 

to  violet 

4412 

4416 

Mo  2 

0 

str 
str 

str 

to  red 
to  violet 

4421 

to  vdolet 

4464 

Ti3 
Ti3 

2 
I 

str 

to  red 

t  Probably  V  is  strengthened  relatively  more  than  Fe. 

For  numerous  lines  where  the  observed  changes  are  clearly  in 
the  direction  accordant  with  changes  from  sun  to  sun-spots,  no 
application  could  be  made  to  the  determination  of  type  because  of 
inadequate  data  in  stellar  types.  Nevertheless  these  lines  also 
serve  to  confirm  the  fact  that  changes  occur  in  the  spectrum  of 
/  Carinae  which  are  in  many  ways  similar  to  consecutive  changes 
of  spectral  type. 

PART   HI 

Recently  Adams  and  Joy^  have  noted  a  marked  distinction  in 
the  spectral  types  of  Cepheids  as  obtained  from  the  hydrogen  lines 
alone  or  from  the  general  spectrum.  For  nine  stars  they  find  in 
the  mean  a  spectrum  of  Fi  at  maximum  and  F7  at  minimum  of 
light,   based  on   the   hydrogen   lines   alone.     From   the   general 

^Proceedings  of  the  National  Academy  of  Sciences,  4,  129-132,  1918. 
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spectrum  they  obtain  for  the  same  stars  Fg  at  maximum  and  Go 
at  minimum.  The  mean  variation  of  t}^e  indicated  by  the  hydrogen 
lines  is  0.6  of  the  interval  between  F  and  G,  whereas  the  general 
spectrum  shows  a  variation  of  only  o.i.  That  is,  according  to 
Adams  and  Joy,  the  general  spectrum  shows  very  little  change  of 
type  during  the  period  of  light-variation.  These  observers  note, 
however,  in  addition  to  the  changes  in  the  hydrogen  lines,  certain 
other  differences  in  the  spectra  of  Cepheids  at  maximum  and 
minimum,  the  three  most  important  of  which,  also  previously 
observed,  are:  (i)  a  shift  of  the  maximum  of  the  continuous  spec- 
trum toward  shorter  wave-lengths  at  maximum  of  light;  (2)  a 
general,  slight  widening  of  the  spectral  lines  at  minimum;  (3)  an 
increase  in  the  intensity  of  the  so-caUed  "enhanced"  lines  at  maxi- 
mum. The  first  of  these  can  influence  the  positions  of  the  lines  only 
indirectly  and  in  a  minor  way,  and  need  not  be  especially  dwelt 
upon  here.     The  second  and  third  will  be  referred  to  again  later. 

The  main  result  of  i\dams  and  Joy,  namely,  that  the  indications 
of  changes  of  spectral  type  in  the  Cepheids  are  confined  chiefly  to 
the  hydrogen  lines,  appears  to  be  completely  at  variance  with  my 
observed  changes  of  spectral  t>^e  in  /  Carinae,  as  determined  from 
the  general  spectrum  and  given  in  detail  above.  In  view  of  these 
contradictory  results  it  may  be  well  to  discuss  the  data  in  Part  II 
in  somewhat  greater  detail,  with  special  reference  to  their  bearing 
upon  this  question. 

The  methods  employed  in  Part  II  for  the  determinations  of 
spectral  type  are  essentially  different  from  those  employed  by 
Adams,  Shapley,  and  Joy.  The  latter  are  based  upon  differential 
relative  changes  in  the  intensities  and  widths  of  lines,  partly  esti- 
mated and  partly  measured.  The  former  were  intentionally  freed 
as  much  as  possible  from  qualitative  estimations  by  placing  the 
entire  weight  in  the  determinations  of  t}^e  upon  the  measured 
positions  of  the  lines.  Each  of  these  methods  has  its  limitations 
as  well  as  its  advantages,  and  I  am  inclined  to  the  view  that  the 
best  results  will  be  attained  by  combining  the  two  methods.  To 
me  it  seems  quite  unsafe  to  neglect  the  measured  positions  of  the 
lines,  as  these  furnish  the  best  means  of  identifying  with  a  fair 
degree  of  certainty  the  components  involved  in  observed  changes 
of  intensity  and  width. 


WAVE-LENGTHS  IN  I  CARINAS  185 

As,  unfortunately,  the  I  Carinae  spectrograms  are  in  Santiago, 
they  cannot  be  referred  to  at  this  time  with  the  special  aim  of 
directly  bridging  the  gap  between  the  general  spectrum  and  the 
hydrogen  spectrum.  My  notes  state  that  "in  k  Pavonis  and 
/  Carinae  (F5  and  G  types)  the  H7  region  looks  very  fuzzy  and 
diffuse,  H7  being  v  v  broad";  and  they  also  contain  the  suggestion 
to  "see  if  H7  gets  narrower  and  sharper  toward  light-minimum" 
than  at  maximum.  This  suggestion  was  not  followed  up  because 
of  other  demands  upon  my  time.  Evidently  the  failure  to  measure 
H7  on  sixteen  of  the  seventeen  spectrograms  is  attributable^  to 
poor  quality  of  the  line,  possibly  in  part  due  also  to  interference  of 
close  neighboring  lines  and  to  underexposure  of  the  H7  region  on 
some  of  the  spectrograms. 

The  lines  observed,  given  in  Tables  II  and  III,  belong  to  and 
are  among  the  most  characteristic  and  important  lines  in  the 
general  spectrum.  Their  measured  positions  identify  them,  on 
the  whole  I  believe  without  any  serious  outstanding  uncertainties, 
with  corresponding  lines  in  the  spectra  of  the  sun  and  of  sun-spots, 
and  these  in  turn  have  been  identified  with  corresponding  lines  in 
stellar  spectra.  The  lines  having  constant  wave-lengths  in  the 
stellar  types  also  have  constant  wave-lengths  in  /  Carinae.  The 
lines  which  vary  progressively  during  the  period  of  variation  of 
light  (Table  IV),  and  upon  which  the  changes  of  spectral  t^-pe  are 
based,  are  among  the  most  important  lines  showing  progressive 
changes  of  wave-length  in  the  series  of  stellar  types.  Among  the 
identified  components  of  these  lines  are  Cr,  Fe,  Mn,  Sc,  Ti,  and  V, 
elements  of  which  the  spectral  lines  exhibit  marked  and  progressive 
changes  of  intensity  in  types  A  to  M. 

Nor  are  the  observed  changes  in  I  Carinae  covered  by  the 
general  widening  of  spectral  lines  at  minimum  and  by  the  increased 
intensity  of  the  "enhanced"  lines  at  maximum,  effects  (b)  and  (c) 
referred  to  by  Adams  and  Joy.  Table  II  shows  numerous  lines  for 
which  the  position  of  the  blend  is  progressively  shifted  in  I  Carinae 
from  maximum  to  minimum  light  and  in  stars  from  early  to  late 
types,  in  the  direction  indicated  by  the  changes  in  the  intensities 
of  the  components  from  sun  to  sun-spots.  Note,  for  example,  the 
lines  4266.0,  4296.0,  4320.9,  4416.9,  and  4422.0,  for  which  both  the 
shift  indicated  by  sun-spot  data  and  the  observed  shift  in  /  Carinae 
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and  in  the  later  stellar  types  are  to  the  violet;  and  the  lines  4278.3, 
4288.1,  4390.1,  4391.9,  4412.2,  and  4469.4,  for  which  the  indicated 
and  observed  displacements  are  to  the  red.  For  most  of  these 
lines  no  enhanced  components  are  involved.  Several  lines,  4292.3, 
4298.1,  4391. 1,  and  4408.5,  for  which  the  sun-spot  data  indicate 
balanced  changes  for  the  intensities  of  the  components,  have 
practically  constant  wave-lengths  in  stellar  types.  Some  lines, 
like  4334.0,  show  clearly  accordant  variations  in  /  Carinae  and  in 
t>'pes,  with  no  spot  data  given.  Perhaps  corresponding  changes 
will  be  found  in  spot  spectra.  The  wholly  or  partly  discordant 
lines  are  few.  Thus,  for  4277.6  the  observed  displacement  is  toward 
the  violet  both  in  types  and  in  I  Carinae,  contrary  to  the  expected 
shift.  For  4420.6  a  slight  shift  toward  the  red  might  possibly 
be  expected;  the  observed  shift  in  the  variable  star  is  to  the  violet; 
in  t}^es  the  data  are  weak.  Such  apparent  discordances  may 
later  be  removed  in  part  by  additional  data  from  spots  and 
Cepheids.  On  the  whole,  the  agreement  between  the  expected 
or  inferred  and  the  observed  changes  of  wave-length  of  the  blends 
is  remarkably  close. 

The  ''general  slight  widening  of  the  spectral  lines  at  minimum," 
additional  effect  (2)  of  Adams  and  Joy  (above),  seems  also  brought 
out  in  my  notes  of  1908,  reproduced  in  Part  II — unless  I  miscon- 
strue the  intent  of  these  observers.  Can  the  greater  part  of  the 
apparent  widening  be  explained  as  a  widening  of  blends  due  to  a 
considerable  increase  in  intensity  of  one  or  more  of  the  components 
rather  than  as  a  genuine  widening  of  single  lines  ?  As  in  later  types, 
so  also  in  I  Carinae  toward  minimum  of  light,  the  selective  absorp- 
tion increases,  many  more  components  being  strengthened  than 
weakened,  with  the  result  that  numerous  blends  are  apparently 
widened  and  a  small  number  perhaps  narrowed.  This,  however, 
does  not  explain  all  increases  in  width,  as,  for  example,  for  4468.6, 
which  is  apparently  a  single  line  in  the  sun. 

My  data  also  contain  partial  evidence  bearing  upon  Adams  and 
Joy's  effect  (3) — "an  increase  in  the  intensity  of  the  so-called 
enhanced  lines  at  maximum  "^ — which  seems  in  part  confirmatory 
and  in  part  suggests  the  changed  statement  ''a  greater  relative 
intensity  of  the  so-called  'enhanced'  lines  in  /  Carinae  than  in  the 
corresponding  types  in  the  stellar  series."     For  the  former  state- 
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ment  the  two  curves  in  Figures  i  for  the  lines  having  enhanced 
components  should  diverge  more  and  more  as  maximum  of  light  is 
approached,  the  relative  shift  in  /  Carinae  being  in  the  direction  of 
the  enhanced  component  of  the  blend.  This  seems  actually  to 
occur  for  one  or  two  lines  (see  4395.2).  For  other  lines  (see  4464.7) 
the  two  curves  remain  parallel  throughout  their  entire  length,  the 
systematic  displacement  between  them  being  in  the  direction 
required  for  greater  strength  of  the  enhanced  component  in  the 
variable  star  than  in  the  corresponding  stellar  types.  However, 
the  evidence  is  not  clear-cut  either  way.  And,  besides,  for  several 
lines  for  which  the  two  curves  are  parallel  and  separated  no 
enhanced  components  are  given. 

As  one  of  the  results  of  the  foregoing  investigation  it  is  possible 
to  outline  roughly  an  extensive  field  of  research  which  can  profitably 
be  followed.  In  order  to  be  able  to  distinguish  the  characteristics 
shared  by  all  Cepheids  from  those  peculiar  to  individual  stars,  the 
spectra  of  a  number  of  Cepheids  should  be  studied  in  greater  detail. 
The  digressions  from  a  strictly  parallel  behavior  of  the  lines  in 
Cepheids  and  in  the  series  of  stellar  types  may  lead  to  results  more 
interesting  and  far-reaching  than  the  accordances.  Also  the 
emissions,  the  ''knotted  appearance"  referred  to  in  my  notes, 
deserve  further  study.  It  may  be  to  the  point  to  recall  that  the 
one  fact  which  more  than  any  other  led  to  serious  questioning  of 
the  binary-star  explanation  for  Cepheids  was  the  discovery  of  the 
apparent  relation  between  the  light-  and  the  velocity-variations. 
With  dispersions  equal  to  and  greater  than  that  of  the  three-prism 
Mills  spectrographs,  it  should  be  possible  to  follow  the  simultaneous 
changes  of  the  lines  for  the  different  elements  through  the  cycle  of 
changes  of  light  and  velocity.^  Such  results  for  a  number  of 
Cepheids  would  provide  the  necessary  data  for  correlating  any 
effects  found  with  such  factors  as  (i)  the  length  of  the  period; 

(2)  the  limiting  t5^es  between  which  the  variations  take  place; 

(3)  and  (4)  the  types  and  the  range  of  variation  indicated  by  the 
different  classes  of  lines  (i.e.,  spark,  arc,  spot,  etc.),  and  by  the 
lines  of  individual  elements  or  groups  of  elements;   and  (5)  more 

'  The  data  in  Part  I  are  not  sufficiently  complete  to  permit  of  doing  this  in  ample 
detail  for  I  Carinae. 
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exact  relationships  of  the  curves  representing  variations  of  \asual 
light,  photographic  hght,  velocity,  color-index,  and  type. 

Thus  even  the  meager  data  at  present  available  seem  sufficient 
to  establish  a  relation  with  the  length  of  the  period  of  light- variation. 
This  seems  to  have  been  observed  by  CampbelP  and  later  by 
Shapley^  to  apply  to  Cepheids  as  well  as  to  the  general  list  of 
variable  stars  as  found,  I  believe,  first  at  Harvard.  However,  the 
exact  relationship  noted  below  seems  not  to  have  been  brought  out. 
Table  VII,  taken  in  part  from  Shapley^  and  Seares  and  Shapley,'' 
with  /  Carinae  added,  shows  a  fairly  definite  progression  of  the 
Cepheids  toward  "later''  types,  see  columns  "Shapley"  and 
*'Albrecht,"  with  increasing  length  of  the  period.  This  effect 
seems  more  clearly  and  definitely  shown  in  the  means  of  groups  of 
two  or  three  consecutive  stars,  as  given  at  the  bottom  of  the  table. 
Apparently  it  is  much  more  strongly  marked  for  very  short  periods 
and  diminishes  to  slight  changes  for  periods  greater  than  five  days. 
The  poorly  marked,  slow  increase  in  the  length  of  the  period  with 
spectral  type,  found  by  Campbell,  is  thus  readily  accounted  for  by 
the  poor  representation  of  very  short  periods  in  Campbell's  tables. 
The  eft'ect  seems  absent  for  the  hydrogen  spectrum  in  Adams  and 
Joy's  hst  of  nine  stars  {loc.  cit.)  and  to  be  indicated  only  slightly  in 
their  results  from  the  general  spectrum.  Here  also  its  apparent 
absence  or  small  value  seems  to  lie  in  part  in  the  small  number  of 
stars  used  and  in  part  in  the  absence  from  their  list  of  stars  with 
very  short  periods. 

In  Table  VII  my  types  for  /  Carinae  should  perhaps  be  some- 
what reduced  to  make  them  strictly  comparable  with  the  t^^pes 
found  by  Shapley,  due  to  the  presence  of  a  second  effect,  namely, 
that  the  hydrogen  lines  yield  somewhat  "earlier"  types  than  the 
general  spectrum.  This  second  effect,  which  is  apparently  shown 
in  the  tables  of  Adams  and  Joy  {loc.  cit.)  and  somewhat  strengthened 
by  my  results  from  the  general  spectrum  of  /  Carinae,  seems  to 

^  Lick  Observatory  Bulletin,  6,  51,  19 10. 

^  Astrophysical  Journal,  40,  451,  1914,  and  Contributions  of  the  Mount  Wilson 
Observatory,  No.  92. 

^  Ibid.,  44,  274,  1916,  and  Contributions  of  the  Mount  Wilson  Observatory, 
No.  124. 

^  Ibid.,  48,  238,  1918,  and  Contributions  of  the  Mount  Wilson  Observatory, 
No.  159. 
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have  its  source  in  the  relatively  greater  strength  of  the  hydrogen 
lines  than  of  the  lines  of  the  general  spectrum.  In  this  connection 
it  may  be  well  to  bear  in  mind  also,  as  pointed  out  above,  that  the 
changes  in  the  spectra  of  Cepheids  are  more  complex  than  can  be 
accounted  for  by  pure  and  complete  changes  of  type. 

The  range  through  which  the  tj-pe  varies  in  Cepheids  (see  last 
column  of  Table  VII)  seems  to  be  independent  of  the  period,  and  to 
be  nearly  constant,  averaging  a  little  less  than  one  type-interval 
(lo.o  tenths). 

Scares  and  Shapley  {loc.  cil.)  have  pointed  out  that  the  color 
changes  in  Cepheids  inferred  from  the  hydrogen  spectrum  (from 
the  relation  that  the  change  in  color  equals  0.4  change  in  spectrum) 
agree  with  the  color  changes  observed  photometrically  for  these 
stars.  On  the  other  hand,  the  changes  of  color  inferred  from  the 
general  spectrum  are  nearly  zero  and  thus  discordant.  These 
results  are  reproduced  in  my  Table  VII,  columns  3,  4,  5,  and  6. 
It  should  be  noted  that  the  change  in  color-index,  inferred  from 
my  observed  change  of  type  in  /  Carinae  from  the  general  spectrum, 
is  closely  of  the  same  magnitude  as  the  changes  of  color-index 
obtained  for  the  other  Cepheids,  both  photometrically  and  inferred 
from  the  changes  in  the  hydrogen  spectrum.  Very  weak  results 
for  changes  of  type  in  77  Aquilae,  from  measures  of  the  general 
spectrum  made  by  Campbell  and  Wright  for  other  purposes,  give 
an  inferred  change  of  color-index  of  0.4.  Thus  my  results  seem  to 
show  practically  the  same  correlation  between  the  color  of  Cepheids 
and  the  general  spectrum  as  was  found  for  the  hydrogen  spectrum. 

The  foregoing  investigation,  begun  a  dozen  years  ago,  has  been 
interrupted  a  number  of  times.  Aside  from  the  pare  of  the  work 
completed  at  the  Lick  Observatory,  portions  of  the  final  reductions 
were  made  at  the  Cordoba  and  University  of  Michigan  observa- 
tories. The  definitive  discussion  and  preparation  of  the  manu- 
script for  the  printer  should  be  accredited  to  the  Department  of 
Meridian  Astrometry  of  the  Carnegie  Institution  of  Washington 
(Albany).  It  is  a  great  pleasure  to  acknowledge  my  indebtedness 
to  these  observatories  for  the  time  allowed  toward  this  problem. 

DxiDLEY  Observatory,  Albany,  New  York 
August  19 19 


EXCITATION  STAGES  IN  OPEN  ARC-LIGHT  SPECTRA 

PART  I.     SODIUM,  POTASSIUM,    CALCIUM,  STRONTIUM, 
BARIUM,  AND  MAGNESIUM 

By  B.  E.  MOORE 

ABSTRACT 

Excitation  stages  in  low-current  arc  spectra  of  Na,  K,  Ca,  Sr,  Ba,  and  Mg. — By 
using  high  potentials  it  is  possible  to  lengthen  the  arc  so  that  the  middle  region  is  well 
separated  from  the  poles,  and  to  reduce  the  current  until  few  or  none  of  the  funda- 
mental spectrum  lines  of  the  substance  under  observation  are  emitted.  Evidently 
this  arc  affords  a  valuable  means  of  studying  the  relative  behavior  of  spectrum  lines. 
Using  currents  of  from  0.03  to  0.3  ampere  from  a  2000-volt  D.C.  dynamo,  the  author 
made  visual  observations  of  the  variation  of  spectrum  with  current,  supplemented  by 
measurements  of  the  intensities  of  many  lines.  The  results  for  each  of  the  above- 
mentioned  elements  are  reported  in  detail.  Five  stages  of  excitation  were  distinguished. 
Stage  I:  Lowest-current  lines,  which  extend  across  the  arc;  generally  resonance  lines; 
including  the  first  member  of  the  principal  doublet  series  of  Na  and  K  and  of  the  princi- 
pal singlet  series  of  Ca,  Sr,  and  Ba.  Stage  II :  Coming  in  with  slightly  higher  currents; 
relatively  weaker  in  the  middle  of  the  arc;  generally  ionization  lines;  including  the 
diffuse  and  sharp  subordinate  series  of  Na,  K,  Ca,  Sr,  and  Mg  and  the  />-series  of  Ba. 
Stages  III  and  IV  each  require  a  considerably  greater  current  and  each  has  considerably 
higher  ratios  of  intensity  at  negative  pole  to  that  at  positive  pole  and  to  middle  intensity 
than  the  preceding  stage.  Stage  V  includes  lines  which  failed  to  appear  at  all  in  the 
arc.  Some  bands  were  also  observed  coming  in  at  early  stages.  It  was  found  that 
the  ionization  lines  of  impurities  such  as  Na  appeared  only  when  the  ionization  potential 
of  the  main  element  in  the  arc  was  greater  than  that  of  the  impurity.  These  results 
will  be  summarized  and  discussed  in  Part  II,  to  follow. 

INTRODUCTION 

The  recent  investigations  upon  low-potential  discharge  in 
vacuum'  have  led  to  some  important  distinctions  which  have  a 
bearing  upon  the  formation  of  spectral  lines  under  all  conditions. 
From  these  low-voltage  experiments  there  appear  to  be  two  early 
stages  of  excitation  of  spectral  lines.  The  first  is  designated  the 
resonance  and  the  second  the  ionization  stage.  The  resonance 
stage  contains  one  or  two  fundamental  lines.  The  ionization 
stage  contains  a  rich  spectrum,  which  rather  inadvertently  has 
been  designated  the  complete  Kne  spectrum.     In  these  experiments 

'Tate  and  Foote,  Philosophical  Magazine,  36,  64,  1918;  Bureau  of  Standards, 
Scientific  Papers,  No.  317.  Foote  and  Mohler,  Philosophical  Magazine,  37,  2,?>,  iQiq; 
Journal  of  W  ashington  Academy  of  Sciences,  8,  513,  1918;  Foote,  Rognley,  and  Moliler, 
Physical  Review,  13,  59,  1919;  Mohler,  Foote,  and  Stimson,  Bureau  of  Standards, 
Scientific  Papers,  No.  368;  Davis  and  Goucher,  Physical  Review,  10,  loi,  191 7;  and 
numerous  others. 
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it  is  further  made  clear  that  radiation  is  produced  by  recombination 
of  electrons  and  ions  after  the  force  which  displaced  the  electrons 
has  ceased  to  act.  Moreover,  the  displacing  force  has  its  origin 
in  a  potential  which  drives  the  electrons  across  the  vacuum.  These 
electrons  may  collide  with  an  atom  and  will  ionize  it  if  the  velocity 
of  the  electrons  is  adequate.  When  one  considers  the  kinetic 
possibilities  it  is  e\ddent  that  velocities  will  be  distributed  over  a 
wide  range  of  values.  But  so  far  as  the  excitation  of  a  line  is  con- 
cerned, all  velocities  below  a  certain  limit  will  be  ineffective,  and 
all  above  the  same  limit  will  be  effective.  This  critical  velocity 
will  define  the  beginning  of  a  stage  of  excitation  for  that  line.  As 
the  number  of  electrons  which  have  a  velocity  above  the  critical 
value  increases,  the  line  increases  in  intensity.  In  a  general  way 
this  number  of  ions  will  increase  with  the  current.  The  current 
may  therefore  become  an  index  of  the  development,  and  may  be 
used  instead  of  the  potential  and  velocity,  particularly  when  the 
latter  are  not  available. 

When  one  passes  from  the  vacuum  to  an  arc  working  under 
atmospheric  pressure,  one  must  make  one  essential  distinction. 
The  restraint  of  the  gaseous  particles  is  now  such  that  there  can  be 
no  free  movement  over  an  extended  distance.  There  is  also  a 
great  difference  in  the  freedom  of  motion  in  diff'erent  parts  of  the 
arc.  This  is  due  to  the  great  inequalities  of  temperature  in  the 
arc.  A  large  part  of  the  dift'erence  in  spectra  in  different  parts  of 
the  arc  have  long  been  attributed  to  temperature  differences  and 
to  chemical  changes.  The  new  concept  does  not  invalidate  the 
conclusions  upon  the  eff'ect  of  temperature  and  chemical  action, 
for  doubtless  these  effects  are  concurrent.  It  only  shifts  the  point 
of  \aew  and  seeks  to  analyze  the  radiation  in  terms  of  an  electron 
disturbance  produced  by  an  effective  potential. 

From  this  standpoint  let  us  take  a  \dew  of  the  cross-section 
of  the  arc  midway  between  the  poles.  WTiere  the  temperature  is 
lowest  in  the  outer  mantle,  the  electrons  have  their  lowest  velocity, 
and  the  outside  limits  of  the  spectral  lines  are  determined  by  their 
critical  velocity  in  that  region.  Outside  this  region  the  electrons 
may  be  mo\dng  at  a  lower  velocity.  Lines  which  require  a  higher 
velocity  of  the  electrons  for  excitation  will  not  be  found  in  the 
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outer  region.  In  the  hotter  interior  of  this  cross-section  there  is 
greater  kinetic  freedom,  a  more  rapidly  flowing  current,  and  electrons 
of  higher  velocity.  Consequently,  in  passing  from  the  exterior  to 
the  interior  of  the  discharge,  there  is  a  progressive  increase  in  the 
velocity  of  the  electrons.  Hence  one  may  arrive  at  a  second  critical 
excitation  velocity  characteristic  of  other  lines  upon  passing  from 
the  exterior  toward  the  interior  of  the  discharge.  When  this 
critical  velocity  is  reached,  the  line  or  lines  to  which  the  critical 
velocity  belongs  will  show  an  incipient  radiation.  There  will  be 
an  increase  in  radiation  for  this  line  or  lines  as  one  progresses  farther 
toward  the  center  of  the  section.  This  same  argument  holds  as 
one  passes  from  the  middle  along  the  axis  of  the  discharge  until  one 
reaches  the  poles,  near  which  there  is  probably  a  great  increase  in 
velocity.  Therefore,  one  might  expect  to  obtain  in  the  pole  dis- 
charge one  or  more  critical  velocities  which  would  produce  spectral 
lines  of  corresponding  stages.  The  outer  mantle,  according  to 
this  \T[ew,  would  correspond  to  a  low  excitation  stage,  the  middle  of 
the  arc  to  a  medium  excitation  stage,  and  finally  the  poles  would 
show  higher  excitation  stages.  The  wide  range  of  velocities  in 
any  given  position  certainly  makes  the  problem  more  complex. 
One  could  go  over  the  literature  of  arc  spectra  and  make  a  fair 
selection  of  stages  for  lines  with  no  further  distinction  than  is 
made  here. 

The  object  of  the  experiments  described  in  this  article  is  to  follow 
the  production  of  lines  a  little  more  definitely.  To  accomphsh 
this,  it  was  necessary  to  obtain  a  larger  separation  of  the  different 
stages  than  is  obtained  in  the  usual  high-current  arc.  First,  the 
arc  was  spread  out  by  deflecting  it  with  a  magnet.'  This  was  very 
helpful,  but  it  was  soon  found  that  reducing  the  current  and  raising 
the  arc  potential  would  isolate  the  parts  of  the  arc  better.  The 
higher-potential  arc  could  be  longer,  and  hence  the  middle  area 
(rather  volume)  would  be  more  extended.  With  the  lower  currents, 
the  polar  illumination  retreats  toward  the  pole.  With  this  retreat 
came  another  very  decisive  factor,  viz.,  the  disappearance  of  many 
lines.  Out  of  this  fact  arose  the  determination  of  stages  by  deter- 
mining the  current  at  which  the  inception  of  the  line  occurs.     This 

'  Referred  to  again  in  Part  II  (subsequent  paper). 


194 


B.  E.  MOORE 


method  will  yield  reasonable  results  unless  the  line  is  overlapped  by 
a  continuous  or  band  spectrum.  But  it  could  not  answer  one 
question,  viz.,  Do  the  lines  have  definite  beginning-points  as  they 
appear  to,  or  do  they  continue  in  a  very  weak  state  to  a  common 
excitation  point  characteristic  of  all  lines?  For  this  reason  a 
method  was  devised  for  measuring  roughly  the  development  of  the 
intensity  of  the  lines  with  increase  in  current.  This  method  shows 
that  certain  groups  of  lines  have  common  beginning-currents,  and 
instead  of  continuing  in  a  weak  state,  they  frequently  disappear 
and  reappear  very  suddenly  and  have  a  very  rapid  and  decisive 
development  after  their  inception.  Knowing  this,  one  could  feel 
perfectly  free  to  use  the  first  course  of  investigation  wherein  the 
lines  were  followed  to  their  beginning-current.  This  can  be  done 
at  either  pole  or  in  the  middle  of  the  arc  or  in  all  of  these  positions, 

THE   ARC 

As  stated  above,  in  the  usual  arc  operated  at  high  current  it  is 
difficult  to  separate  the  different  degrees  of  excitation.  The 
illumination  herein  designated  "polar"  does  not  appear  on  but 
just  oj'  the  electrodes.  Lines  which  usually  have  been  designated 
"short"  belong  in  the  polar  illumination.  They  vanish  as  the 
current  decreases.  Many  lines  which  extend  across  the  arc  for 
high  currents  become  short  Imes  for  lower  currents.  This  feature 
helps  to  distinguish  them.  These  high-potential  arcs,  according 
to  Simon,'  may  act  along  two  characteristic  curves.  The  first 
curve  is  the  glow  characteristic  and  belongs  to  the  glow  arc.  This 
curve  depends  only  upon  the  medium  and  is  independent  of  the 
electrodes.  The  second  characteristic  is  the  true-arc  curve.  In 
the  true  arc  the  material  of  the  electrodes  affects  the  electrode 
drop,  and  the  gaseous  products  or  ions  therefrom  affect  the  conduc- 
tion of  the  medium.  The  middle  of  the  low-current  arcs  under 
discussion  often  assumed  a  glow  appearance,  but  there  was  at  no 
time  any  clear  evidence  that  the  arc  discharge  had  passed  over  into 
the  glow  form. 

'  Under  investigation  by  Mr.  V.  L.  Chrisler;  Simon,  Physikalische  Zeiischrift,  6, 
297,  1905;    Simon  and  Malcolm,  ibid.,  8,  471,  1907. 
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POWER 

A  dynamo  rated  at  2000  volts  and  0.25  ampere  was  used. 
It  stands  an  overload  of  20  per  cent  for  brief  intervals.  The 
current  was  adjusted  by  means  of  resistance  in  series. 

SPECTROSCOPES 

Five  spectroscopes  have  been  used,  (i)  A  small  student's 
spectroscope  has  been  used  for  preliminary  investigation.  It  could 
be  turned  with  its  slit  perpendicular  or  parallel  to  the  discharge. 
It  thus  served  to  observe  the  variation  of  intensity  in  cross-section 
as  well  as  in  length.  It  was  particularly  serviceable  when  the 
analysis  reduced  to  a  few  visible  lines.  (2)  A  Hilger  wave-length 
spectroscope  has  given  most  results.  It  just  separates  the  D  lines, 
but  one  could  not  rely  upon  its  measurements  to  closer  than 
6  angstroms.  This  seldom  interfered  with  identification.  The 
field  was  usually  diaphragmed  to  about  60  angstroms,  which  was  a 
great  help  in  determining  luminosity.  (3)  A  Steinheil  plane- 
grating  spectroscope  gave  more  than  double  the  dispersion  of  the 
Hilger  spectroscope  in  the  red,  and  helped  particularly  in  this 
region.  This  instrument  could  be  used  either  visually  or  photo- 
graphically. (4)  A  quartz  spectrograph  was  in  good  focus  from 
X  2800  to  X4000  and  gave  a  spectrum  about  18  mm  long.  When 
there  are  but  few  lines  in  the  ultra-violet,  they  may  be  recognized 
by  this  instrument. 

MEASUREMENT   OF   INTENSITY 

The  reasons  for  following  the  changes  of  intensity  in  the  lines 
as  the  current  changes  have  been  given  in  the  introduction.  Two 
convex  lenses  with  a  crossed-nicol  system  between  them  focused 
the  light  from  the  arc  upon  the  slit  of  the  spectroscope.  Before 
the  eye  was  placed  a  Wratten  light-filter.  After  selecting  a  spectral 
line  for  observation  a  filter  was  introduced  which  would  nearly 
extinguish  the  visibility  of  the  line.  The  angle  between  the 
nicols  was  then  adjusted  until  only  the  last  trace  of  the  line  was 
visible.  The  reciprocal  of  the  relative  amount  of  light  transmitted 
by  the  crossed-nicol  filter  system  is  designated  the  intensity  of  the 


196  B.  E.  MOORE 

line.  This  method  is  open  to  three  large  sources  of  error:  (i)  per- 
sonal judgment  upon  threshold  intensities  is  quite  variable;  (2)  the 
optical  adjustments  are  subject  to  some  variation;  (3)  the  arc  is 
inclined  to  migrate.  This  makes  the  measurements  very  rough, 
but  they  will  serve  the  purpose  of  defining  the  starting-current 
of  spectral  lines  and  of  showing  their  relative  development. 

DETERMINATION    OF    STAGES 

In  an  attempt  to  distinguish  stages  of  excitation  the  first  step 
is  to  fix  the  general  features  of  the  spectrum.  The  last,  but  more 
concise,  determination  will  be  the  growth  of  the  lines  themselves. 

Stage  I. — ^To  recognize  this  stage,  choose  a  minute  current, 
then  look  for  lines  which  extend  across  the  whole  arc  from  pole  to 
pole.  If  these  lines  are  but  little  stronger  at  the  poles  than  in  the 
center  of  the  arc,  they  belong  either  to  Stage  I  or  Stage  II.  Next 
see  if  they  can  be  traced  to  the  last  Hmit  of  the  current.  Those 
lines  which  hold  out  longest  belong  to  Stage  1.  Next  examine 
the  rate  of  intensity  development.  Lines  belonging  to  Stage  I 
will  fairly  leap  into  brilliance  at  the  negative  pole  and  follow  but 
little  later  at  the  positive  pole.  For  later  currents  they  will  show 
very  slow  development.  In  the  middle  of  the  arc  they  will  develop 
rapidly,  but  m.ore  uniformly.  As  far  as  experience  with  different 
substances  has  gone,  the  current  may  be  reduced  until  these  fines, 
small  difiuse  bands,  and  a  low  continuous  radiation  are  in  complete 
possession  of  the  spectral  radiation. 

Stage  II. — ^This  stage  usually  represents  a  rich  spectrum.  The 
lines  at  the  negative  pole  may  persist  to  nearly  the  same  limit  as 
lines  of  Stage  I.  When  the  positive-pole  radiation  is  not  too  con- 
fined, they  separate  better  there  than  at  the  negative  pole.  In 
the  middle  of  the  arc,  a  line  of  Stage  II  must  be  intrinsically  very 
brilliant  to  contest  with  lines  of  Stage  I  for  first  rights.  When  the 
intensities  of  these  lines  are  studied,  some  of  the  stronger  lines  may 
show  a  growth  very  similar  to  lines  of  Stage  I.  But  when  the 
current-intensity  curves  are  plotted,  they  will  be  seen  to  lie  in  a 
position  which  indicates  stronger  exciting  currents  and  stronger 
inception  currents  (intercepts  upon  the  current  axis)  than  is 
required  for  lines  of  Stage  1.     There  is  furthermore  a  reluctance 
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upon  the  part  of  these  Knes  to  appear  in  the  middle  of  the  arc. 
This  is  best  shown  by' the  increased  ratio  of  polar  to  middle 
intensities. 

Stage  III. — These  lines  will  not  generally  show  until  the  incep- 
tion current  of  lines  of  Stage  II  has  been  doubled  or  trebled.  When 
the  current  is  large  enough  to  indicate  their  decided  presence  at 
the  negative  pole,  lines  of  Stage  II  will  be  reaching  out  far  from 
the  poles  trying  to  become  true  long  lines,  while  lines  of  Stage  III 
wiU  be  cut  off  sharp  and  short  in  a  region  restricted  to  the  very 
core  of  the  pole  illumination.  So  far  as  these  experiments  have 
progressed,  experience  has  shown  that  lines  of  Stage  III  require 
four  to  five  times  as  much  current  at  the  positive  pole  as  at  the 
negative  to  produce  a  first  visible  impression.  Within  the  limits 
of  the  present  experiments,  a  line  of  this  stage  must  be  very  intense 
to  show  any  trace  in  the  middle  of  the  arc.  Necessarily,  therefore, 
the  ratio  of  their  polar  to  middle  intensities  is  very  large. 

Stage  IV. — It  requires  a  large  increase  in  current  over  that 
required  for  lines  of  Stage  III  to  bring  out  the  lines  of  Stage  IV. 
When  once  they  appear,  they  are  very  similar  to  lines  of  Stage  III. 
There  is  a  decided  continuous  spectrum  associated  with  most  of 
these  lines,  which  suggests  a  formation  within  a  dense  vapor.  None 
of  the  lines  have  been  seen  outside  the  pole  illumination. 

Stage  F. — In  this  class  one  may  place  all  other  known  lines  of 
the  stronger-current  arcs.  There  has  been  no  attempt  to  analyze 
these  lines,  and,  of  course,  there  may  be  many  stages  present. 

GILA.PHS 

Logarithms  of  intensities  are  plotted  as  ordinates,  and  logarithms 
of  one  hundred  times  the  current  are  plotted  as  abscissae.  Loga- 
rithms to  the  base  10  are  used.  The  lines  are  designated  upon  the 
graphs  and  in  the  legends. 

SODIUM 

Lines  Di  and  D2  are  predominant.  They  appear  throughout 
the  whole  of  the  arc.  With  the  slit  normal  to  the  current  they 
are  seen  to  be  longer  than  the  weak  continuous  background.  In 
this  position  they  fade  off  at  the  ends  with  no  defined  external 
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limits.  These  lines  have  a  very  low  excitation.  The  other  lines 
observed  were  members  of  the  first  and  second  subordinate  series 
and  the  principal  series  pair,  X  3303.  All  of  these  lines  appear  in 
the  middle  of  the  arc  at  o.  25  ampere.  With  the  slit  normal  to  the 
current  they  fade  ofT  very  quickly,  but  not  abruptly,  as  one  proceeds 
from  the  center  toward  the  outer  mantle.  The  lines  appear  to  be 
one-third  to  one-half  the  length  of  D^.  Now  Foote  and  ]Mohler^ 
give  an  excitation  potential  for  D^  equal  to  2.12  volts,  and  for  the 
other  lines  a  potential  of  5.13  volts.  The  effective  velocity  for 
the  latter  is  2.4  times  the  velocity  for  the  former.     This  means 

TABLE  I 
Intensities  for  D, 


Current 

XaCl, 

SrClj 

CaCl, 

Carbon 

Negative  Pole 

Middle 

Middle 

Positive  Pole 

Middle 

Middle 

Ampere 
0.  2^ 

38 
24 
10 

520 

8-1 6 

18 

.  2 

7080 

2220 

1280 

532 

304 

.  1=^ 

240-180 
72 

4.8 

.  I 

2220 

.08 

1332 

396 

(180) 

(100) 

28 

.067 

176 

.04S 

96 

that  with  a  current  of  0.25  ampere  one  must  pass  from  the  outer 
effective  excitation  of  the  line  D^  halfway  to  the  center  of  the 
current  stream  to  reach  a  point  where  the  velocity  of  flow  has  been 
doubled.  In  general,  the  "fading-off"  of  lines  upon  passing  from 
the  center  to  the  outer  mantle  is  not  sufl&ciently  abrupt  to 
make  sharp  distinction  in  stages.  As  the  current  decreases, 
the  subordinate-series  lines  fade  out  in  the  center  of  the  arc.  The 
yellow-green  members  can  easily  be  seen  to  retreat  toward  the 
poles  and  to  shorten.  The  red  and  blue  members  are  not  visible 
at  the  poles  below  0.075  ampere,  and  the  yellow-green  members 
not  below  0.05  ampere,  except  during  intermittent  flaring  of  the 
light.     The  sharp  series  was  not  recognized  in  the  preliminary  trial 

*  Loc.  cit. 
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with  the  small  spectroscope,  but  was  readily  found  with  the  Hilger 
instrument.  A  cross-sectional  view  at  the  poles  is  interesting. 
The  subordinate  series  (diffuse  and  sharp)  essentially  belong  to  this 
region  for  the  lower  currents.  The  Di  and  D2  lines  flash  out  with 
great  brilliancy  and  are  quite  wide.  Much  of  this  is  doubtless  an 
irradiation  effect.  With  the  Rowland  grating  the  D  lines  show 
reversal  at  0.25  ampere  in  the  pole  illumination. 

With  the  crossed-nicol  filter  sys- 
tem, the  data  given  in  Table  I  were 
obtained  for  Dj.  Different  salts,  as 
represented  in  the  table,  were  used 
upon  the  electrodes,  but  only  this  one 
line  was  studied. 

In  passing  from  the  poles  toward 
the  middle,  the  easier  lines,  particu- 
larly lines  of  Stage  I  and  Stage  II, 
fade  off  slowly  as  above  noted.  This 
necessitates  a  little  precaution  as  to 
what  part  of  the  middle  one  may 
use  to  determine  middle  intensity. 
Usually  the  position  of  weakest  in- 
tensity is  a  little  above  the  center  of 
the  arc  toward  the  upper  pole. 

A  graph.  Figure  i,  was  plotted 
from  the  D2  readings.  It  will  be 
noticed  that  the  line  found  in  sodium 
shows  two  distinct  slopes.  When  the 
line  shows  as  an  impurity  in  stron- 
tium, calcium,  and  carbon  electrodes, 
its  intensity  proves  to  be  surprisingly  low.  With  carbon  electrodes 
without  salts  added,  the  potential  takes  a  decided  increase.  This 
increase  in  potential  actually  brings  out  the  D  lines  stronger  in 
the  carbon  arc  than  in  the  arc  containing  calcium  salt.  The  sHghtly 
greater  intensity  of  the  line  in  the  strontium  salt  suggests  the 
presence  of  a  trace  of  sodium  in  the  substance. 

The  D  lines  belong  to  Stage  I,  and  the  other  lines  not  earlier  than 
to  Stage  II.     The  diffuse  series  certainly  fall  into  this  classification. 
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The  decision  upon  the  fainter  sharp  series  was  less  certain.  All 
other  series  have  not  been  realized.  With  substances  which  follow 
it  is  easier  to  assign  the  missing  lines  to  later  stages.  In  sodium 
the  writer  has  more  reluctance  to  do  so,  because  the  relative 
intensity  of  the  continuous  background  was  a  burden.  With 
the  Rowland  grating  this  background  could  be  dispersed  so  that 
it  was  unimportant,  but  0.25  ampere  would  scarcely  produce  a 
trace  of  the  d  series.  Hence  there  is  real  need  of  tracing  the  growth 
of  the  weaker  lines  at  higher  currents  to  determine  their  excitation 
stages. 

POTASSIUM 

The  red  lines  XX  7699,  7666  (the  first  term  of  the  principal 
series  of  doublets)  would  naturally  be  expected  to  play  the  same 
role  as  Di  and  D2,  and  the  blue  lines  XX  4047,  4044  the  role  of  the 
X  3303  pair,  i.e.,  the  former  should  be  a  resonance  and  the  latter 
an  ionization  pair.  Along  vnth  the  latter  would  be  expected  the 
subordinate  series.  Although  all  these  tj^^es  may  be  seen  in  the 
visual  spectrum,  the  red  and  blue  pairs  are  at  the  extreme  ends, 
where  the  sensitivity  of  the  eye  is  very  low.  For  the  author's 
eyes  the  sensiti\'ity  is  much  better  for  the  blue  lines.  But  this 
fact  ought  not  to  account  for  his  ability  always  to  see  the  blue 
lines  whenever  the  red  lines  are  visible.  There  was  no  definite 
answer  as  to  whether  or  not  the  blue  excitation  could  be  separated 
from  the  excitation  of  the  subordinate  series.  They  certainly 
occur  together,  but  one  cannot  decide  whether  they  may  occur 
separately,  for  the  subordinate  series  as  well  as  the  blue  lines 
become  quite  intermittent  at  even  o.i  ampere.  To  make  any 
comparison  of  the  intensities,  it  would  be  necessary  to  know  the 
relative  sensitivity  of  the  eye  for  the  wide  difference  in  radiations. 
The  crossed-nicol  system  was  not  applicable.  Evidently  the  blue 
pair  had  a  high  intensit}^  in  comparison  to  the  subordinate  lines. 
Photographically  the  blue  pair  are  the  onh^  lines  which  show. 
The  latter  pair  is  the  second  member  of  the  principal  series.  There 
are  many  other  lines  of  conspicuous  intensities,  but  none  of  them 
appear  under  the  present  excitation  currents.  This  blue  doublet 
XX  4047,  4044  comes  out  as  an  impurity  in  other  substances  and 
with  the  carbon  electrodes. 
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The  D  lines  show  in  potassium  both  as  middle  and  pole  Hnes, 
but  the  ionization  lines  of  sodium  do  not  show.  According  to 
Foote  and  Mohler,^  the  ionization  potential  for  potassium  is  4 .  i 
volts  and  for  sodium  5.13  volts.  It  is  possible  to  argue  that  we 
have  here  an  effective  ionization  potential  greater  than  4 .  i  volts 
which  produces  the  potassium  lines  and  less  than  5 . 7,7,  volts  which 
fails  to  produce  the  ionization  of  sodium.  The  existence  of  such  a 
narrow  range  of  effective  potential  seems,  prima  facie,  improbable. 
Rather,  the  sodium  ionization  lines  would  appear  to  be  absent 
because  of  their  inherent  weak  luminosity.  However,  the 
following  consideration  confirms  this  rather  unexpected  result. 
The  calcium  doublet  pair  XX  3969,  3934,  the  potassium  doublet 
XX  4047,  4044,  the  sodium  doublet  XX  3303,  3302,  and  the  sodium 
yellow  doublet  of  the  diffuse  series,  all  of  which  are  ionization  lines, 
show  prominently  in  the  carbon  arc.  The  ionization  potential  in 
this  carbon  arc  is  nearly  doubled,  as  is  apparent  when  one  considers 
the  potential  fall  in  the  different  arcs.  The  ionization  value  for 
calcium  as  given  by  Foote  and  Mohler  is  6.01  volts.  Since  the 
above-mentioned  calcium  lines  appear,  we  have  an  effective 
ionization  greater  than  6.01  volts.  Therefore  the  sodium  ionization 
lines,  which  require  only  5.13  volts,  also  appear;  whereas  sodium 
did  not  appear  in  the  potassium  arc  where  the  required  potential 
needed  to  reach  only  4.01  volts.  The  amount  of  sodium  actually 
present  in  the  two  cases  could  not  have  been  appreciably  different. 

The  red  lines  which  would  be  expected  to  belong  to  Stage  I  could 
not  be  satisfactorily  observed.  The  violet  double  which  is  the 
second  member  of  the  same  series  belongs  in  Stage  II.  The  same 
is  true  of  the  yellow  lines  of  the  diffuse  series.  The  observations 
could  be  carried  no  farther. 

CALCIUM 

A  large  number  of  lines  in  calcium  as  weU  as  in  strontium  and 
barium  were  easy  to  realize.  From  the  intensities  which  have 
been  observed  and  the  intensities  which  are  recorded  in  the  table 
for  calcium  in  Kayser's  Handhuch  der  Spectroscopie  (5,  246)  it 
was  easy  to  infer  which  lines  could  have  been  reasonably  expected. 
These  lines  are  given  in  Table  II.     The  first  column  indicates  the 

^Philosophical  Magazine,  37,  2)Z,  iQiQ- 
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TABLE  II 
Calcium 


Wave-Length 


Current  o  .  25  Ampere 


Positive 

Pole 

/ 


Middle 
/ 


Limit  of  Visibility 
IN  Amperes 


Positive 
Pole 


Middle 


Stage 


A 


6500 

6494 

72.... 

63.... 

49*1111  • 
.6439t••■ 


B 


6170*. . . 
69.... 
67.... 
64t... 
62!.. . 
61***. 
22. . . . 
03 ...  . 


^^      58.. 


T>i 


5603***. 

02||... 

5599- ■•• 
95.... 
90.... 

89***. 
82IIII. 

SSI3IIII- 
S3So1f  . . 


5042. 


F^ 


[4878... 
47... 
34- ■  ■ 
23  ■•■ 
II. 6. 
07... 


^\     25... 


4 
4 
4 
6R 

4 
loR 

6 
4 
4 
4 
loR 

5 
loR 
8R 


81 

10/ 

8 


18 

IS 

8 

15 

5 
20 


8 
15 


15 


0.045 
.07 
•  045 


■033 


.04 


.06 


■  035 


•  045 

•  045 
■  045 
•035 


•035 
.04 


.04 

■095 
.08 


.08 


•15 


•  045 


•  045 
■055 


■055 
•3 
.  2 


II 

ii 
II 


II 


II 

? 

V 

III 


II 
II 
II 
II 
II 


III 

V 

II 
II 


II 
III 
III 


V 


V 
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TABLE  II — Coniinned 
Calcium 


Wave-Length 


'4607  §§. 

4586... 

H      82... 

79H. 

A527--- 


f44S5tt- 

I     35-I-- 

2^.6.. 


4355- 


4319- •• 
308... 

303 ■• ■ 
299. . . 

90.  .. 

83«. 


4227. 
3967- 
3933- 


30 
30 


200 
100 
100 


Current  0.25  Ampere 


Positive 

Pole 

/ 


60 


30 


25 


30 

20 


Middle 
/ 


5 

I.+ 
I.+ 


50 


Limit  op  Visibility 
IN  Amperes 


Positive 
Pole 


0035 

.038 
.04 

•045 
.  12 


•033 
•033 
•033 

•045 


■045 


.028 


Middle 


0-055 


15 


•055 
•055 
•055 

.15 


■033 


Stage 


I 
II 


III 


II 
III 


III 


I 
II 


*  Bands  overlap  the  group. 

t  An  easy  middle  line,  while  the  rest  of  the  group  are  difficult. 

J  First  line  of  the  first  mernber  of  the  sharp  series.  Strong  like  X  6439,  but  not  so  persistent  at  low 
currents.     Also  an  easy  middle  line,  X  6161,  not  resolved.     Term  3  of  this  member  overlapped  by  a  band. 

§  An  easy  position  for  observation  with  very  unexpected  results. 

II  In  comparison  with  other  lines  equally  strong,  Group  "D"  should  be  stronger  in  the  middle,  like 
X^  559°.   S.sSg.     They  are  therefore  difficult  middle  lines  and  may  belong  to  Stage  III. 

1[  Unexpectedly  missing. 

**  Uncommonly  relatively  strong  lines  at  middle.     Easy  middle  line. 

ft  Fade  off  through  a  distance  as  large  as  the  pole  bead,  but  are  very  weak  toward  the  center,  and 
intermittent  across  the  center  for  low  currents.     Diffuse-series  group,  2pi—md. 

iX  This  pair  are  the  inverse  of  the  expected  result.  Thalen  gives  four  lines,  and  the  one  actually 
present  he  records  as  the  weakest.     Strong  background  interferes. 

§§  A  strontium  impurity  recorded  for  the  sake  of  comparison. 

II  |l  Lost  in  band. 

TfH  Exceptionally  short  line. 

***  Unresolved. 


anticipated  lines  and  the  second  column  the  intensities  of  the 
lines  taken  from  Kayser's  table.  The  subsequent  columns  represent 
the  observations  with  the  Hilger  spectroscope.  The  indexes 
pertain  to  some  condensed  statements  in  the  footnotes  in  regard 
to  the  behavior  of  the  lines.     The  lines  are  given  in  groups  "A" 
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to  ''J."  These  are  quite  arbitrary  groups.  They  represent  aggre- 
gates of  hues,  not  series  grouping.  It  is  largely  a  convenient 
method  of  making  comparisons.  However,  many  of  these  groups 
behave  very  similarly  and  doubtless  have  much  in  common.  Group 
"C,"  for  example,  belongs  to  the  Ritz  combination,  sdj  —  ^pi" 
There  are  also  certain  groups,  or  aggregates,  which  fail  to  appear 
at  all. 

Line  X  4227  corresponds  to  requirements  of  Stage  I.  There  are 
numerous  lines  distinctly  belonging  to  Stage  II.  ]Many  of  these  have 
been  examined  in  a  preliminary  way  with  the  crossed-nicol  filter 
system.  With  some  lines  there  is  considerable  imcertainty;  there 
are  many  late  lines. 

With  carbon  electrodes  without  calcium  chloride  the  potential 
takes  a  big  jump.  The  three  leading  lines  which  show  in  the  pole 
illumination  at  the  carbon  are  then  X  3934,  X  3968,  and  X  4227, 
and  in  the  order  named.  At  o.  i  ampere,  electrode  X  3934  is  about 
three  times  as  bright  as  X4227.  These  three  lines  occur  as  an 
impurity  in  barium,  but  a  good  share  of  the  calcium  there  doubtless 
comes  out  of  the  electrodes.  Again  we  find  at  the  poles  with  o .  i 
ampere  an  intensity  about  50  for  X3934  and  about  20  for  X4227, 
while  in  the  center  X  3934  does  not  show  and  X  4227  has  an  intensity 
of  about  8.  It  will  be  noticed  here  that  there  is  both  a  higher 
temperature  and  a  larger  potential  fall  at  the  poles;  and  that  both 
of  these  factors  will  contribute  to  the  production  of  higher-velocity 
electrons.  This  is  the  essential  requirement  of  Stage  II,  while  the 
middle  of  the  arc  for  the  lowest  currents  corresponds  rather  closely 
to  Stage  I.  Therefore,  with  the  increased  velocity  of  the  electrons, 
the  lines  X  3969  and  X  3934  of  Stage  II  replace  the  lower-excitation 
line  X4227  of  Stage  I.  If  this  consideration  has  merit,  it  is  sug- 
gestive as  to  solar  conditions,  where  these  lines  are  of  predominant 
interest,  and  where  the  doublet  pair  are  not  only  the  brightest, 
but  also  the  most  conspicuous  lines  in  the  entire  solar  spectrum. 

From  the  results  of  Mohler,  Foote,  and  Stimson,^  it  is  shown 
that  X  6573  is  the  first  and  X4227  the  second  resonance  line  in 
calcium.     It  appears  that  resonance  has  been  observed  in  three 

'  Popow,  Annalen  der  Physik,  45,  154,  1914. 
*  Bureau  0}  Standards,  Paper  Xo.  368. 
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types  of  series,  iS—mP,  is  —  mp^,  and  a  cross  of  these  systems, 
iS  —  7np2.  Lines  X  3934  and  X  3968  represent  the  second  type, 
clearly  pole  lines  in  the  arc,  and  X4227  represent  the  first  type, 
which  is  an  extremely  easy  line  in  the  middle  of  the  arc.  Line 
X  6573  has  always  been  unimportant  in  the  arc.  It  represents  the 
cross-system.  King'  finds  it  brilliant  in  the  furnace  spectrum  of 
calcium.  It  seems  therefore  to  deserve  close  attention.  In  the 
present  arc  the  conditions  almost  baffle  investigation.  The  line 
at  the  pole  is  doubtful  even  at  0.25  ampere.  In  the  middle  it 
intermittently  comes  out  of  a  halo  or  narrow  band,  when  it  is 
brighter  than  its  near  neighbor  X  6500.  (See  X  4571,  magnesium.) 
Lines  X  5042,  t>^e  1D  —  2P,  and  X4527,  Type  iD  —  ^P,  are  lines 
which  are  just  traceable  under  the  experimental  conditions  in  the 
middle  of  the  arc  at  o. 3  ampere.  They  clearly  belong  to  Stage  III. 
Careful  search  for  X  5513,  Type  iP  —  ^S,  and  for  X4847,  T3^e 
1P  —  4S,  failed  to  discover  them.  Hence  they  must  be  assigned  to 
a  later  stage. 

The  calcium  spectrum  nearly  fades  out  to  the  blue  of  X  3934. 
The  lines  of  the  second  member  of  the  sharp  series  of  triplets  are 
near  neighbors  of  X  3934.  These  lines  are  XX  3974,  3957,  and 
3949.  The  first  two  lines  have  about  1/200  of  the  intensity  of 
X  3934,  and  the  third  line  is  invisible.  Lines  X  3737  and  X  3734  have 
the  same  frequency  differences  as  X  3939  and  X  3934.  The  intensi- 
ties for  these  two  lines  are  respectively  about  1/50  and  1/200  of 
X  3934.  These  five  lines  belong  essentially  to  Stage  III,  while  the 
diffuse-series'  first  and  second  members  are  found  in  Stage  II. 
The  head  of  the  so-called  cyanogen  band  at  X  3883  is  traceable. 

The  details  of  the  crossed-nicol  measurements  are  very  similar 
to  those  found  with  barium  lines  and  are  not  given  here.  The 
readings  for  a  few  prominent  lines  at  0.25  ampere  only  will  be 
given.  It  is  interesting  to  compare  these  values  with  the  estimate 
of  the  unaided  eye  in  Table  II.     The  lines  are  given  in  angstrom 

^  Astrophysical  Journal,  28,  389,  1908.  King  gives  the  literature  concerning 
these  three  lines  and  an  examination  of  them  in  the  electric  furnace  with  different 
quantities  of  calcium  and  at  different  temperatures.  Our  results  are  very  similar. 
He  attributes  the  growth  of  X  3969  and  X  3934  to  increase  in  temperature.  In  the 
present  discussion  temperature  is  recognized  as  a  contributing  cause  and  the  partici- 
pating cause  is  held  to  be  the  state  of  excitation. 
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units,  with  the  measured  intensities  in  parentheses  following  the 
lines:  X  5589  (30-50),  X  5485  (370),  X  5270  (133),  X  4878  (133), 
X4586  (40),   D2  (21),  X  5934  (370). 

BANDS 

Line  X  5485  is  approximately  the  blue  edge  of  a  band,  which 
contracts  in  width  as  the  crossed  angle  of  the  nicol  system  increases. 
Another  band,  X  5934,  adjoining  D2  (sodium),  seems  more  like  a 
line  in  the  midst  of  a  broad  radiation.  As  the  crossed-nicol  angle 
increases,  the  band  contracts  toward  the  line,  but  fades  out  more 
rapidly  upon  the  less  refrangible  side.  Judgment  upon  the  lines 
was  made  at  the  poles  and  upon  the  bands  in  the  middle  of  the 
spectrum.  Band  X  5934  is  much  stronger  at  the  pole  than  in  the 
middle.  It  is,  however,  very  fickle  at  the  pole  and  some  readings 
showed  twice  the  intensity  of  others.  Hence  they  were  discarded. 
Band  X  5485  is  different.  It  is  weaker  at  the  poles;  its  appearance, 
which  was  observed  with  a  20  per  cent  crossed- 
nicol,  is  shown  in  Figure  2.  Adjoining  the  band 
on  the  red  is  Group  d,  of  pole  lines.  In  the  pole 
region  the  band  fades  off  upon  its  weaker  side. 
-po/e  ^  '  '  '  '  It  is  strongest  just  above  the  limit  of  the  pole 
Fig.  2  lines.     Another    line    or    narrow    band,    about 

X6080  to  the  blue  of  X6103,  behaves  in  the 
same  manner  as  X  5480.  It  requires  no  nicol  to  observe  it.  Oppo- 
site the  pole  line  X  6103  it  is  very  weak.  Line  X  6103  shows  weakly 
as  a  middle  line,  and  opposite  its  middle  X  6080  is  much  stronger 
than  opposite  the  pole.  Some  bands  of  the  chloride  group  are 
given  in  Kayser's  tables  in  the  region  of  X  5480,  and  X  5934  is  there 
assigned  to  the  metallic  group.  This  suggests  that  the  chloride 
molecule  does  not  exist  in  the  position  of  the  pole  excitation,  and 
that  there  is  a  large  recombination  of  metal  and  chlorine  after 
passing  beyond  the  pole  excitation  into  the  region  of  lower 
excitation.  The  metallic  (molecular)  excitations  are  just  as 
persistent  in  the  middle  of  the  arc  as  the  leading  lines.  They  can 
be  traced  to  the  last  limit  with  X  4227,  the  resonance  \'ibrator. 
Unfortunately  the  writer  could  not  use  the  crossed-nicol  with  the 
latter  line.     Its  behavior,  in  general,  is  like  D2.     The  band  X  5934 
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grows  in  intensity  with  the  current  at  the  middle,  not  in  two  well- 
defined  branches  like  resonance  lines,  but  more  like  other  lines, 
with  moderate  and  progressive  changes  in  the  slope. 

Some  lines  have  been  added  to  Table  II  since  the  receipt  of  an 
important  contribution  by  Dr.  F.  A.  Saunders.'  His  article  gives 
one  enough  types  to  make  some  comparisons,  which  one  may  safely 
make  and  reserve  the  discussion  of  the  matter  to  the  subsequent 
contribution.  The  line  of  Stage  I  has  Type  iS—iP,  while  Tx^pe 
iS—ip2  is  missing.  When  ionization  occurs  and  Stage  II  appears, 
Types  ip  —  is,  ipi—id,  ipi—T,d,  and  ipi—2S  appear.  Stage  III 
is  represented  by  Types  iP  — 3Z),  1D  —  2P,  iD—t^D,  iD—iF, 
1D  —  2F.  Observe  here  an  expansion  of  the  atomic  action  as 
represented  by  the  first  term  of  the  types  and  of  the  electron 
displacement  as  represented  by  the  second  term  of  the  types  in 
passing  from  Stage  I  to  Stage  III.  A  spectroscopic  observation 
may  also  be  added.  Lines  of  Stage  III  come  out  of  the  very  core  of 
the  polar  illumination  where  there  is  a  great  vapor  density,  strong, 
continuous  spectrum,  greatest  current  density,  and  a  sustained 
action  upon  the  ions. 

STRONTIUM 

There  will  be  no  particular  advantage  in  tabulating  the  observed 
lines  as  in  calcium.  Using  Kayser's  Handhuch  der  Spectroscopies 
6,  539,  as  a  guide,  all  str^ong  lines  given  by  Exner  and  Haschek  for 
the  arc  are  obtainable  in  the  visible  spectrum.  Their  lines  of 
intensities  i  and  2  only  are  uniformly  missing.  Besides  representa- 
tives of  this  weaker  class  of  lines,  there  are  seven  lines  missing 
between  X  5971  and  X  5599  inclusive. 

These  missing  lines  are  not  appreciably  disturbed  by  con- 
tinuous or  band  radiation,  they  therefore  belong  to  late  excitation 
stages.  Lines  X  4338,  X4319,  and  X  4308,  a  triplet  group,  are 
overlapped  by  band  or  continuous  radiation,  and  only  the  first 
line  of  the  group  is  visible.  These  lines  at  the  poles  show  no 
conspicuous  variation  from  the  values  of  relative  intensity  given  by 
Exner  and  Haschek.  The  stronger  the  pole  line,  the  more  easily 
it  is  in  general  to  trace  it  toward  the  middle  of  the  arc.     But 

'  Astrophysical  Journal,  52,  265,  1920. 
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strong  pole  lines  do  not  always  come  out  with  the  same  ease  at  the 
middle.  Some  lines  relatively  weaker  tend  to  come  out  at  the 
middle  much  sooner  than  stronger  lines.  Because  of  this  charac- 
teristic, it  seemed  desirable  to  tabulate  the  lines  as  in  calcium. 
But  there  is  too  much  diversity  in  this  variation  to  reduce  it  to  any 
system.  In  trying  to  trace  the  lines  to  the  lowest  current  limit, 
the  weaker  lines  go  out  first,  invariably,  in  strontium.     There  are  a 

number  which  vanish  about  0.045- 
0.05  ampere  at  the  negative  pole. 
But  many  of  these  lines  are  still  dis- 
tinct at  the  negative  pole  at  0.032 
ampere.  Just  off  the  center  of  the 
negative  glow,  either  toward  the  pole 
or  toward  the  center,  there  are  only 
three  lines,  X4607,  X4216,  and  X4078. 
On  the  outer  mantle  of  the  negative 
pole,  and  in  the  center  much  of  the 
time,  X  4607  only  is  found.  At  the 
positive  pole  there  are  only  the  three 
lines  at  0.05-0.055  ampere.  Here, 
there  is  the  first  trace  of  a  richer 
spectrum  at  about  0.07-0.08  ampere. 
It  requires  a  current  of  o .  i  ampere 
at  the  positive  pole  to  produce  a 
many-lined  spectrum  as  rich  and 
strong  as  is  found  at  the  negative 
pole  at  0.035  ampere.  Later,  by 
using  3000  volts,  the  current  was 
carried  down  to  0.025  ampere.  The 
three  lines  listed  above  are  still  visible  at  the  negative  pole,  but 
the  "^ "  pair  of  lines  is  very  weak.  At  the  positive  pole  and  in  the 
middle  of  the  arc,  X  4607  alone  is  visible.  Evidently  the  positive 
pole  separates  the  excitations  better.  There  is  now  only  a  low, 
wavelike  illumination  in  the  red-band  region. 

A  few  of  the  lines  have  been  studied  with  the  crossed-nicol  and 
filter  combination.  They  are  given  in  Figure  3.  Line  X  4607 
shows  two  distinct  slopes.     In  the  second  slope,   it  was  quite 
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Fig.  3 
a=X46o7,  —pole 
&  =  X46o7,  middle 
c  =  X4962,  —pole 
J=X4962,  middle 
e=X6o2S,  band— pole 
/=X6o2  5,  middle 
+,X4873>  -pole 
X,X4873,  middle 
0,XS950,  pole 
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impossible  to  secure  readings  which  did  not  overlap.  The  slope 
is  here  less  steep  than  for  the  other  substances.  The  prime  cause 
lies  in  the  strong  self-reversal  of  the  line.  It  was  found  that  reversal 
was  evident  at  o .  i  ampere  and  became  more  pronounced  as  the 
current  increased.  This  is  the  most  conspicuous  line  in  the  stron- 
tium spectrum.  Its  series  type  is  iS  —  mP,  and  the  leading  term 
of  this  series.  Line  X4227,  in  calcium,  has  been  identified  with 
this  type,  but  it  could  not  be  followed.  Lines  Di  and  D2  in  sodium 
show  the  same  characteristics  as  this  line,  but  are  represented  by 
the  series  Type  is  —  mp2.  In  strontium  the  latter  type  is  repre- 
sented by  X  4126  and  X  4078,  as  is  clearly  proved  by  the  Zeeman 
effect.  These  cannot  be  followed  satisfactorily  in  a  quantitative 
way.  It  is  clear  from  photographs  with  low  currents  that  X  4607 
is  predominant,  and  for  larger  currents  that  the  lines  X4216  and 
X  4078  are  overtaking  the  former.  But  even  at  0.25  ampere  it 
could  not  be  said  that  they  intrinsically  equal  X  4607.  The  latter 
is  a  very  wide  line  with  strong  self-reversal.  As  a  middle-arc 
line,  X  4607  has  no  lower  slope  at  o.  25  ampere  than  the  same  line 
at  the  pole  with  o .  05  ampere.  The  change  in  the  line  at  the  middle 
of  the  arc  is  more  progressive.  Even  at  the  middle  of  the  arc  at 
low  current  it  is  more  prominent  than  any  polar  line.  Up  to  o.  25 
ampere,  no  polar  line,  unless  it  be  X  5481,  has  equaled  the  intensity 
of  this  middle  line. 

Line  X  4962  is  a  second  member  representative  of  the  diffuse 
series,  while  the  first  member  lies  in  the  extreme  infra-red,  at 
X  2735-6,  and  cannot  be  studied.  Line  X  4962  is  a  relatively  easy 
middle  line.  Its  characteristics  show  a  development  more  like 
X  4607  than  had  been  expected.  The  development  is  slower.  As  a 
pole  line  it  follows  X  4607  as  a  middle  line  for  a  short  distance  and 
then  progressively  falls  off  in  intensity  more  than  that  line.  Now 
too  much  stress  may  be  laid  upon  these  appearances.  But  realizing 
the  apparently  easy  interpretation  which  could  be  placed  upon  it,  the 
readings  for  the  line  were  repeated  three  times  by  varying  nicol  at 
constant  current,  and  by  varying  the  current  with  constant  nicol. 
This  gave  a  promiscuous  lot  of  readings  along  the  line,  but  did  not 
change  the  feature  of  a  rapid  early,  and  slow  later,  growth  in  inten- 
sity with  increasing  current. 
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Line  X  4968  is  the  stronger  of  the  two  satellites  of  X  4962.  It 
increases  both  at  the  pole  and  at  the  middle  very  uniformly.  It  is  so 
very  weak  at  the  middle  that  there  appears  a  great  tint  difference 
between  it  and  its  near  companion  X4962.  At  0.25  ampere  it  is 
noted  that  the  intensity  of  X  4962  at  the  pole  is  twenty  times  as 
strong  as  at  the  middle,  whereas  X  4962  pole  is  fifty  times  as  strong 
as  X  4968  middle,  i.e.,  we  have  here  intensity  ratios  50,  20,  i.  The 
unobserved  satellite  X  4972,  according  to  Exner  and  Haschek,  has  an 
intensity  of  3,  and  for  the  three  lines  they  give  ratios  for  intensity 
of  50,  20,  and  3.  Considerable  allowance  must  be  made  in  the 
methods  of  determining  intensities.  This  is  scarcely  adequate  to 
cover  the  difference  observable.  For,  easily,  1/150  of  the  stronger 
line  would  have  been  observed  in  the  clear  field  at  X  4972.  This  is 
nine  times  the  ratio  of  values  required  from  the  Exner  and  Haschek 
values.  It  seems  rather  reasonable  to  conclude,  therefore,  that 
X  4972  has  not  been  excited  at  all.  The  same  method  of  examina- 
tion may  be  applied  to  missing  lines  whose  intensity  is  about  two, 
but  it  does  not  have  quite  as  much  force.  Prolonged  photographic 
exposure  also  failed  to  bring  out  these  lines.  It  therefore  seems 
probable  that  these  lines  are  not  excited  in  the  low-current  arc. 
The  lines  of  the  second  subordinate  or  sharp  triplet  series  are  much 
less  pronounced  than  those  of  the  diffuse  series.  The  first  member 
lies  in  a  band  region,  but  lines  can  be  recognized  at  the  pole.  There 
is  a  trace  only  of  two  lines,  X  4438  and  X  4362,  of  the  second  mem- 
ber. This  is  out  of  all  proportion  to  the  corresponding  member  of 
the  diffuse  series.  For  the  two  respective  members  Kayser's  Hand- 
buch  gives  very  similar  intensities.  Within  the  first  member  of  the 
sharp  series  lies  X  6892,  which,  the  author  strongly  suspects  from 
King's^  results,  belongs  to  iS  —  m2,^  mixed-series  type,  just  as  the 
calcium  line  X  6573.  When  the  pole  illumination  is  accurately  upon 
the  slit,  there  is  sufficient  intensity  here  for  visual  observation. 
The  diffuseness  is  even  more  pronounced  than  for  X  6573,  and 
although  having  looked  diligently,  it  is  not  possible  to  say  there 
is  a  line  in  this  dift"useness. 

'  Astro  physical  Journal,  51,  184,  1920. 
2  Saunders  confirms  this  classification. 
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The  two  red  bands  studied  are  doubtless  each  overlapping  bands. 
The  wave-lengths  assigned  represent  approximately  positions  of 
maximum  intensity.  Band  X  6025  is  more  than  twice  as  wide  as 
X  5950.  Both  at  the  pole  and  the  middle  these  bands  increase 
uniformly  with  the  current. 

As  seen  from  the  graph,  Figure  3,  pole  line  X  5481,  band  X  6025, 
and  band  X  5950  are  remarkably  alike  in  their  development  and 
growth.  After  they  are  definitely  established  they  grow  uni- 
formly with  the  current.     They  can  be  expressed  by  the  equation^ 

log  7  =  ^  (log  i  -  log  io) ,  I  =  (I)  , 

where  I  is  the  intensity,  t  the  current,  i^  and  k  constants.  Now  io, 
the  intercept  upon  the  current  axis,  would  be  the  inception  current 
provided  we  may  extrapolate  along  the  curve  below  the  lowest 
readings.  After  inception  the  intensity  is  proportioned  to  some 
power  of  the  current.  The  apparent  effect  is  that  lines  go  out  a 
little  more  rapidly  down  in  this  low-current  region,  but  the  whole 
effect  is  then  masked  by  the  hiding  of  the  pole  behind  some  small 
particle  of  salt  or  electrode  material.  Taking  this  feature  into 
consideration,  the  graphs  suggest  a  common  origin  for  all  lines 
studied  except  for  X4607.  The  violet  p  series  X4216  and  X  4078 
could  not  be  studied  by  the  crossed-nicol  method. 

Basing  conclusions  upon  the  foregoing  analysis,  X  4607  is  the 
last  limiting  line  upon  reducing  the  current  and  belongs  to  Stage  I. 
It  is  believed  there  is  clear  evidence  at  the  positive  pole  that  the 
"^"  pair  does  not  hold  out  as  long  as  X  4607;  but  whether  or  not 
its  appearance  slightly  earlier  than  the  many-lined  spectrum  was 
due  to  its  intrinsic  brightness  could  not  be  settled.  If  we* make  a 
separate  stage  for  this  pair,  then  the  many-lined  group  would  fall 
in  Stage  III.  But  these  lines  correspond  very  closely  to  the 
requirements  of  Stage  II  and  are  like  the  lines  of  this  stage  in  other 
substances.  Forty-six  lines  were  counted  in  Stage  II  off  the 
positive  pole  at  o.i  ampere.  Lines  of  Stage  III  do  not  isolate 
well,  as  the  analysis  shows.  Following  the  outline  of  stages,  the 
unobserved  lines  would  fall  in  Stage  V,  the  unclassified  stage. 

'  See  Part  II  (subsequent  paper). 
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BARIUM 

The  barium  lines  do  not  in  general  push  as  rapidly  toward  the 
middle  of  the  arc  as  calcium  or  strontium.  Nearly  e\'ery  line  of 
intensity  3  or  greater  given  in  Kayser's  Handbuch  (5)  is  present  in 
the  pole  illumination  at  0.3  ampere.  The  following  lines  were 
missed  (the  parentheses  show  intensities  by  Hoeller):  X  6451  (6), 
X  6175  (3),  X  5908  (4),  X  5819  (3),  X  5784  (3),  X  5714  (3),  X  5680  (5), 
X  5594  (3),  X  4283  (8).  The  ultra-\aolet  shuts  off  very  rapidly. 
Line  X  3892,  Stage  II,  is  the  most  pronounced.  Evidence  for  its 
similarity  to  X  5536  was  sought  but  not  found.  It  is  followed  by  a 
triplet  of  Stage  II,  X  3545,  X3525,  X3501,  the  last  of  which  is  the 
strongest.  These  lines  are  not  a  true  triplet  according  to  Saunders.^ 
The  last  line  he  classifies  as  the  first  member  of  the  singlet  series, 
iS—mF.  The  second  member  of  Saunders'  singlet  series,  iS  —  mP, 
of  which  X  5536  is  the  leading  member  and  the  fundamental  of  the 
whole  spectrum,  is  X  3072.  Air  bands  interfere  in  its  observation. 
The  Zeeman  eft'ect  postulated  for  this  series  is  the  normal  triple 
"a."  The  writer's  observations^  confirm  this  result  for  X  5536, 
but  show  a  value  (12/11)  a  for  the  second  member.  The  latter  is  a 
difficult  line,  and  an  error  of  i/ii  is  not  excluded.  Members  2  and 
3  of  the  d  series  are  in  evidence  at  the  poles  in  the  ultra-\dolet. 
Stage  III  seems  to  fit  them  just  as  it  does  the  first  member  (see 
below).  The  first  term  of  the  first  member  of  the  d  series  is  missing 
in  barium,  just  as  it  was  missing  in  calcium  and  strontium.  There- 
fore it  appears  that  the  satellite  types  may  arise  as  later  excitations 
than  the  lines  with  which  they  are  usually  associated. 

Increasing  the  potential  in  later  experiments  to  3000  volts,  the 
current  was  carried  down  to  0.022  ampere  by  shortening  the  arc  a 
little.  The  pole  excitation  may  then  conceal  itself  between  the  salt 
particles,  or  it  may  seize  upon  a  salt  particle  and  stand  out  promi- 
nently. In  the  latter  case  the  spectrum  is  a  beautiful  green  glow. 
Bands  and  the  last  trace  of  X  4554  disappear.  Line  X  5536  stands 
out  definitely  in  the  middle  of  this  green  spectrum.  (Chloride 
bands  are  said  to  overlap  this  point.)     This  spectrum,  growing 

'  Astrophysical  Journal,  51,  23,  1920. 
''Ibid.,  28,  I,  1908. 
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continuously  weaker,  extends  far  toward  X  4934.  Toward  the  red 
it  extends  as  far  as,  or  farther  than,  the  position  of  the  D  hne,  but 
the  D  hnes  are  absent.  In  the  red  there  is  a  succession  of  weak 
ripples — presumably  a  residue  of  the  red  bands. 

In  barium,  some  lines  of  the  prominent  types  of  series  are  very 
favorably  located  for  study  by  the  crossed-nicol  filter  combination. 
The  lines  also  lie  very  advantageously 
with  respect  to  each  other  for  com- 
parison. The  leading  singlet  member 
X  5536  lies  close  to  X  5519,  the  strong- 
est line  of  the  first  member  of  the 
diffuse  series.  Now  if  X5519  were 
alone,  its  sudden  appearance  with 
change  in  current  could  be  attributed 
to  a  drift  to  and  fro  of  the  image  upon 
the  slit  of  the  spectroscope.  But  with 
X  5536  pole  illumination  strongly  in 
the  field  of  view  at  the  time  of  the 
current  change,  a  sudden  appearance 
has  its  origin  in  an  outburst  of  the  line. 
Now  these  lines  are  shown  in  the 
graph,  Figure  4.  It  appears  that  line 
X  5  5 1 9  at  its  inception  leaps  very  quick- 
ly to  quite  a  distinct  intensity.  But 
it  appears  later  than  lines  of  Stage  II, 
and  reluctantly  appears  at  the  middle. 
It  is  therefore  assigned  to  Stage  III, 

which  is  a  rather  unexpected  thing  for  a  leading  member  of  the 
d  series.  Likewise  X  4934  of  the  p  series  and  X  4900  of  the  .y  series 
are  adjacent.  Line  X  4900  makes  a  late  appearance  and  is  a  rigid 
pole  line.  The  same  is  true  of  its  companion  line  X  4525  which 
cannot  be  separated  from  X  4523  for  the  crossed-nicol  study.  Both 
these  lines  are  short  lines.  These  series  lines  cannot  therefore 
get  into  Stage  III,  much  less  get  into  Stage  II,  where  there  is  the 
first  appearance  of  the  many-lined  spectrum.  The  earliest  assign- 
able stage  for  this  5  series  pair  is  therefore  Stage  IV.  The  pair 
X  4934,  X  4554,  p  series,  are  contenders  with  X  5536  for  first  place. 


Z     4-     6    .3     /o   /z   /-^ 

Fig.  4 

<i  =  ^5536,  -pole 
5  =  X5536,  middle 
c  =  X4S54,  -pole 
^  =  X4554,  middle 
e  =  X4934,  -pole 
/=X4934,  middle 
g=X55i9,   -pole 
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Following  the  current  down  to  its  lowest  limits,  they  drop  out. 
Along  the  graphs  they  have  another  characteristic.  They  are 
therefore  assigned  to  Stage  II.  Another  much  weaker  pair, 
X  6497  and  X  5853,  are  assignable  to  Stage  II.  Line  X  6142  also 
belongs  in  this  stage.  It  is  generally  recognized  as  a  leading  line  of 
the  barium  arc.^     From  Table  III  it  is  the  sixth  line  in  brightness, 

T.\BLE  III 


Wave-Length 
X 


Intensities  at  0.2  Ampere 


Negative  Pole 


Middle 


Stage 


6497. . . 
6142.  .  . 
Dj,  Na. 
5853- •• 
5778... 
5536. .  . 
5519-  •  ■ 
4934.  .  . 
4900.  .  . 
4727.  .  . 
4700.  .  . 
4691 .  .  . 
4628.  .  . 
4620.  .  . 
4580.  .  . 
4574-  •• 
4554-  •  • 


276 
268 


364 

1150 

2500 

1460 

1080 

220 

660 

104 

660 

355 

436 

272 

288 

1720 


40 

14 

530 

24 


(560) 
(-) 


3i( 


II 

II 
I 

II 

III 

I 

III 

II 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 

II 


instead  of  the  fifth/  in  the  middle  of  the  arc;  and  at  the  poles  it 
stands  much  lower  than  several  pole  lines  of  Stage  IV.  In  Figure  4, 
graph  "/"  represents  equally  well  X  4934  middle,  X  4900  pole,  and 
X  6497  pole. 

As  designated  above,  there  were  numerous  other  lines  which  are 
not  recorded  in  Table  III.  If  any  of  these  belong  to  Stage  II,  they 
have  escaped  the  writer's  notice.  There  has  been  no  attempt  to 
separate  them  into  Stages  III  and  IV,  where  they  all  belong. 
Certain  unobserved  prominent  lines  noted  above  may  be  pro- 
visionally placed  in  a  later  stage. 

MAGNESIUM 

First,  magnesium  chloride  was  tried  upon  carbon  in  the  same 
manner  as  with  the  other  salts.     The  salt  rapidly  disappeared  and 

'  Kayser,  Handbuch  dcr  Spectroscopic,  s,  144-146. 
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the  potential  climbed  toward  the  carbon  electrode  characteristic. 
For  low  currents  it  then  assumed  the  distinct  glow  arc  characteris- 
tics. The  first  member  of  the  sharp  series  occurred  at  the  negative 
pole  in  the  glow  discharge.  Whether  or  not  this  member  may- 
continue  to  the  lowest  limits  of  the  current  is  uncertain.  Much 
seemed  to  depend  upon  the  presence  of  the  salt  and  whether  it  was 
participating  in  the  action  of  the  arc.  The  same  holds  with  refer- 
ence to  the  first  term  of  the  diffuse  series  in  the  ultra-violet,  but 
this  was  more  difficult  because  photography  had  to  be  applied. 
Neither  set  of  lines  appear  in  the  middle  of  the  arc  below  0.07 
ampere,  and  probably  not  below  0.09  ampere.  Three  leading 
lines  of  the  oxide  group  beginning  at  X  5007  can  be  seen  for  at  least 
as  low  a  current  as  0.09  ampere.  There  are  other  groups  close  to 
the  electrode  surface  also  in  the  ultra-xdolet  which  were  not  identi- 
fied. Particular  interest  centers  in  the  line  X4571.  It  is  the 
fundamental  resonance  line  of  the  substance,^  iS  —  2p2,  mixed- 
series  type.  This  type  was  not  observed  in  strontium  and  very 
doubtfully  observed  in  calcium.  The  line  was  not  observed  for  any 
current  either  in  the  middle  or  at  the  poles  with  the  chloride  of 
magnesium.  The  metal  magnesium  was  next  tried.  A  small 
piece  of  the  metal  was  used  in  a  shallow  crater  of  copper,  and 
copper  was  used  for  the  upper  electrode.  With  a  current  of  0.07 
ampere  or  less  one  could  sustain  the  current  without  flaming  for  a 
short  time  and  make  a  good  inspection.  The  oxide  group  X  5007 
could  be  easily  traced,  and  X  5183  flares,  but  this  line  did  not  show 
until  flaming  ensued.  This  was  not  a  flaming  arc,  but  a  combustion 
which  would  continue  after  the  arc  circuit  was  broken.  The  line 
may  be  observed  in  the  arc  for  very  large  currents,  if  the  salt  is 
plentifully  supplied.  It  then  occurs  in  the  middle  of  the  arc,  and 
after  watching  it  some  time,  it  was  decided  that  it  occurred  by- 
reason  of  a  certain  amount  of  spraying  of  the  salt  by  the  hot  arc. 
The  same  thing  could  be  happening  in  the  larger-current  calcium 
and  strontium  arcs.  It  is  suggested  that  this  is  the  solution  of  the 
question  and  that  the  t}^e  of  line  is  foreign  to  the  operation  of  these 
arcs.     Another  resonance  line  occurs  at  X  2852.     This  line  was 

'  Loc.  cit. 
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found  in  the  chloride  spectrum,  but  it  was  not  found  without  the 
presence  of  the  d  member  X  3838  and  three  or  four  other  lines, 
not  well  separated,  at  XX  2803-2790.  The  stage  of  these  lines  was 
not  settled.  They  show  well  at  0.12  ampere.  Only  the  first 
members  of  the  d  and  .y  series  could  be  safely  classified,  and  then 
reliance  must  be  made  largely  upon  the  ratio  of  polar  to  middle 
intensities.  They  are  assigned  to  Stage  II.  Two  other  polar  lines 
are  found  which  were  observed  at  both  poles.  These  lines  X  5528 
and  X  4703  are  not  earlier  than  the  third  stage. 

Discussions  and  the  conclusions  will  follow  in  Part  II,  which  will 
deal  with  metals. 
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A  PHOTOMETRIC  STUDY  OF  Y  CAMELOPARDALIS 

By  RAYMOND  SMITH  DUGAN     • 
ABSTRACT 

Eclipsing  variable  Y  Camelo partialis. — The  1035  photometric  observations,  in  which 
B.D.+76?285  was  used  as  comparison  star  are  given  in  a  table  of  210  normals.  The 
probable  error  of  a  single  observation  is  =*=  0^^044.  The  light-elements  derived  from  the 
observations  are  in  good  agreement  with  Miss  Harwood's  conclusions  concerning 
variation  of  the  period.  The  light-curve  shows  the  eilects  of  ellipticity  and  reflection. 
A  secondary  minimum  has  been  detected.  The  eclipses  are  partial  and  last  about 
12J  hours  each.  The  range  of  variation  is  i¥73  in  primary  minimum  and  0^05  in 
secondary  minimum.  "Uniform"  and  "darkened"  orbital  elements  are  collected  at 
the  end  of  the  paper.  In  order  to  get  a  satisfactory  "darkened"  solution,  it  was 
necessary  to  assume  that  one  side  of  the  fainter  star  was  entirely  dark. 

The  variability  of  Y  Camelopardalis  (B.D.  +  76?286)  was 
discovered  by  Mme  Ceraski  in  1903.  According  to  Miss  Cannon, 
the  spectrum  is  between  A  and  F.  The  faintness  of  the  star — 
Wendell'  makes  it  io^^6  at  maximum — makes  impossible  a  precise 
classification.  The  star  has  been  observed — with  the  usual  con- 
centration on  the  primary  minimum  portion  of  the  light-curve — 
by  Blajko,^  Nijland,''  Wendell,''  and  Lehnert.^  Miss  Harwood^  has 
utilized  the  Harvard  plates  to  form  a  photographic  mean  curve 
and  has  studied  the  variation  of  the  period.  INIean  curves  have 
been  discussed  and  orbital  elements  derived  by  Dr.''  and  Mrs.* 
Shapley.  My  own  observations  were  begun  in  1906,  but  the  bulk 
of  the  16,560  measures  were  made  in  1908-1909  and  1916-1917. 
The  observations  and  discussion  will  appear  in  detail  in  Contribu- 
tions from  the  Princeton  University  Observatory. 

With  the  addition  of  the  visual  observations  the  plot  of  the 
difference    between    the    time    predicted    with    Miss    Harwood's 

'  Wendell,  Harvard  Annals,  69,  Part  II. 

^  Astronomische  Nachrichten,  163,  91,  1903;  177,  119,  190S. 

i  Astronomische  Nachrichten,  176,  165,  1907;   183,  281,  1910. 

*  Harvard  Annals,  69,  Part  II. 

^  Aslronomische  Nachrichten,  200,  163,  1915. 

'  Harvard  Annals,  84,  Xo.  2. 

'  H.  Shapley,  Contributions  from  the  Princeton  University  Observatory,  Xo.  3. 

"M.  B.  Shapley,  Astrophysical  Journal,  46,  56,  1917. 
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constant  period  and  the  observed  time  retains  the  general  char- 
acter of  her  diagram.  The  residual  which  apparently  increased  to  a 
maximum  of  +50""  in  J.D.  2416300  decreased  steadily  to  — 2*^24'^ 
in  J.D.  2421300.  My  own  observations  are  best  represented  by 
a  straight  line  which  makes  a  slight  angle  with  the  contemporary 
portion  of  Miss  Harwood's  curve,  and  which  corresponds  to  the 

elements: 

Min.  =  J.D.  2418306.23526+3.3054517  E 

The  mean  epoch  of  these  elements  is  J.D.  2418521.  B.D.  +  76?285 
was  used  as  comparison  star  and  gave  no  indications  of  being  a 
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Fig.  I. — Y  Camelopardalis 


variable.  A  probable  error  of  ±©'^^044  of  a  single  observation 
(16  measures)  is  indicated  by  the  residuals  of  the  normals  of 
observation  from  the  theoretical  curve. 

The  curve  of  primary  minimum  is  sensibly  symmetrical,  results 
from  a  partial  eclipse,  is  about  12^  hours  in  length,  and  involves  a 
loss  of  1^73.  A  secondary  minimum  of  the  same  duration  and 
involving  a  loss  of  but  c^'os  has  been  found.  An  apparent  dis- 
placement of  secondary  minimum  nearly  an  hour  toward  the 
following  primary  minimum  is  the  only  indication  of  orbital 
eccentricity. 
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TABLE    I 
Table  of  Normals 


Normal  Number 


Phase 


Weight 


v-b 


0-C 


I 
2 
3 
4 
5 

6 

7 
8 

9 
10 

11 
12 
13 
14 
15 

16 

17 
18 

19 
20 

21 
22, 
23 
24 
25 

26, 
27. 
28. 

29  ■ 

30  • 

3i. 
32- 
5Z- 
34. 
35- 

36. 
37- 
38. 
39- 
40. 

41- 
42. 

43- 
44- 
45- 


-0"4°24™20 

4  11.90 

3  56.88 

39  50 

25-19 


».2» 
42.94 
28.00 
16.  AO 

6.80 

56.33 

43  50 

29.56 

16.78 

5-94 


o  54.50 
44.56 
33  50 
20.56 
12.17 


— o  o 

+0  o 


4.39 

3-94 

II .  10 

19. 10 
29.06 

36.67 
45.80 
52.63 

0  58.50 

10.28 
17.50 
26.00 
34.00 
41 .20 

48.22 

1  55.50 

2  7.33 

18. 11 

25.50 


40.67 

48.40 

2  58.10 

+0  3     7.13 


+o»' 


■936 
.978 
.049 


1.306 
1.366 
1.485 
1.536 

1.613 
1.682 
1.803 

1-953 
2.064 

2.148 
2.189 
2.318 

2-335 
2.438 

2.464 
2.463 
2.440 
2-350 
2.319 

2.244 
2.230 
2.150 
2. 109 


2.038 
1.940 
1.860 
1.792 
1-713 

1.644 
1.586 

1-507 
1.469 
1. 417 

1-371 
1.294 
1.249 
1. 182 
+  1-163 


+0M883 
0.919 
0.962 
1 .022 
1-083 

1. 158 
1.287 
1.372 
1-450 
1.520 

1-599 
1.695 
1.820 

1-935 
2.039 

2. 131 
2.225 
2.318 

2.399 
2.430 

2.451 
2.452 
2.432 
2.402 
2.347 

2.290 
2.215 
2. 151 
2.100 
2.056 

2.000 

1. 931 
1.850 
1.778 
I-71S 

1.658 
1.609 
1 .510 

1-437 
1.390 

1-340 
1.299 
1.252 
1.206 
+  1-163 


+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 


+ 
+ 

+ 


+ 

+ 
+ 
+ 


+ 
+ 


+ 
+ 
+ 
+ 


+ 
+ 


+ 


17 
16 
27 
15 

25 

19 

6 

35 
16 

14 
13 

17 
18 

25 

17 

36 

o 

64 


13 


52 
28 

46 
15 

I 

9 

S8 

38 

9 

10 

14 
2 

14 

23 

5 

32 

27 


31 
5 
3 

24 
0.000 
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TABLE  I— Continued 


Normal  Number 


Phase 


Weight 


v-b 


O 


0-C 


46 

47 
48 

49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

66 

67 
68 
69 
70 

71 
72 

73 

74 
75 

76 

77 
78 

79 
80 

81 
82 
83 
84 
85 

86 

87 
88 
89 
90 


+0^  3i»i6T56 
25.29 
37-56 

3  54-70 

4  16.80 


34-IO 

4  47-50 

5  2.20 
26.70 

5  53  00 

6  11.43 
32-50 

6  48.40 

7  10.70 

7  41 .60 

8  8.50 

8  33-30 

9  8.70 
31.20 
42.20 

9  57  80 

10     9.90 

24  30 

36.90 

10  51.50 

11  9 . 40 
24.50 

11  43  00 

12  19.00 

12  42 . 10 

13  13-30 

14  23.90 

15  7.20 

15  36.00 

16  4.30 

16  51.90 

17  22.40 

17  41.90 

18  2.90 

18  42.70 

19  9.70 
18.90 
28.50 
36.80 

+0  19  51.30 


+  i¥i27 
1 .091 
1 .021 

0.953 
0.900 

0.857 
0.846 
0.782 

0.773 
0.695 

0.762 
0.758 
0.703 
0.764 
0.733 


0.760 
0.766 

0.747 

0.724 
0.754 
0.723 

0.734 
0.720 

0.678 
0.687 
0.709 
0.684 
0.622 

0.648 
0.654 
0.678 
0.695 
0.618 

0.662 
0.700 
0.687 
o.  711 
0.675 

0.660 
0.663 
0.680 
0.720 
+0.653 


+  l¥l20 

1. 081 
1.030 
0.969 
0.902 

0.860 
0.832 

0.804 
0.769 

0.748 

0.738 
0.735 
0.733 
0.730 

0.728 

0.726 
0.722 

0.719 
0.717 
0.714 

0.713 

0.7II 
0.710 
0.708 

0.707 
0.704 

0.702 
0.700 
0.696 

0.693 

0.690 

0.683 
0.680 
0.678 
0.674 

0.671 
0.670 
0.669 
0.667 

0.666 

0.664 
0.664 

0.663 
0.663 

+0.662 


+o¥oo7 
+       10 

-  9 

-  16 

-  2 


+ 
+ 


+ 
+ 

+ 
+ 


+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 


+ 


+ 


+ 
+ 
+ 
+ 


3 

14 
22 

4 
53 

24 
23 
30 
34 
5 

25 
46 

41 
49 
33 


43 
13 
26 

13 

26 

15 

9 


-       71 


42 
29 


17 
56 

9 
30 
18 
44 

9 


-  4 

—  I 

+  17 
+  57 
—0.009 
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TABLE  I— Continued 


Normal  Number 


Phase 


Weight 


■o-b 


O 


0-C 


91 
92 

93 
94 
95 

96 

97 
98 

99 

100 

lOI 

102 
103 
104 
105 

106 
107 
loS 
109 
no 

III 

112 

"3 

114 

IIS 

116 
117 
118 

119 
120 

121 
122 
123 
124 
125 

126 
127 
128 
129 
130 

131 
132 

133 
134 
135 


+  o<^2o'»  4™6o 
23.90 

20  53.20 

21  32.90 
21  57-31 

022  15 . 10 

I  o  31 .00 

I  18.20 

1  58.25 

2  26.57 

2  55-22 

3  42. 8t) 

4  50-25 
6  30.69 
6  48.00 

8  18.63 

9  21.33 

10  43-50 

11  19.10 
35-90 

11  5500 

12  31 .61 

13  18-71 

13  41. I I 

14  7.20 

28.70 
41 .  10 

14  52-90 

15  4-50 
21.81 

30.  22 
42.44 

15  54-00 

16  2.20 
12.60 

23-50 
34-30 
45-40 

16  56. 10 

17  4 . 00 

10.90 
16.50 
22.20 
29.70 
+  1   17  36.70 


+0M663 
0.642 
0.640 
0.628 
0.632 

0.600 
0.688 
0.666 
0-659 
0.684 

0-656 
0.616 
0.665 
0.680 
0-653 

0.713 
0.698 
0.672 
0.664 
0.672 

0.686 
0.675 
0.746 
0.693 
0-754 

0.804 
0.702 
0-746 
0.766 
0.725 

o.  792 
0.746 
0.791 
0-759 
0.758 

0.741 
0.763 

0.735 
0.729 
0.730 

0.691 
0.697 
0.746 
0.747 
+0.721 


+o¥66i 
0.661 
0.660 
0.660 
0.660 

0.660 
0.661 
0.664 
0.666 
0.668 

0.670 
0.672 
0.677 
0.687 


0.697 
0.701 
0.710 
0.712 
0.713 

0.716 
0.719 
0.729 
0-734 
0.738 

0.742 

0-745 
0.747 

0-750 
0.752 

0-753 
0-755 
0.756 
0.756 
0.756 

0.756 
0.756 
0.756 
0-755 
0-755 

0-754 
0-753 
0-752 
0.752 
+0.750 


+0*^002 

-  19 

-  20 

-  32 

-  28 

-  60 

+  27 

+  2 

-  7 
+  16 

-  14 

-  56 

-  12 

-  7 

-  36 

+  16 

-  3 

-  38 

-  48 

-  41 


+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 

+ 


30 
44 
17 
41 
16 

62 

43 

I 

16 

27 

39 
9 

35 
3 


15 

7 


-  26 

-  25 

-  63 

-  56 

-  6 

5 

-  0.029 
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TABLE  I — Continued 


Normal  Number 


Phase 


Weight 


v-b 


O 


0-C 


136 
137 

138 

139 

140 

141 

142 

143 
144 

145 

146 

147 
148 
149 
150 

151 
152 
153 
154 

IS5 

156 
157 
158 
159 
160 

161 
162 
163 
164 
165 

166 
167 
168 
169 
170 

171 
172 
173 
174 
175 

176 
177 
178 
179 
180 


+  1^ 


I 7 "44™ 20 

17  52.00 

18  0.20 
12.60 
24.  20 

36.60 

18  47.60 

19  5-8o 
24.00 
35-80 

46.00 

19  56.40 

20  13. 20 
25.20 
40.60 

I  20  58.50 

21  12.39 
30.06 

21  44.30 

22  3.94 

18.39 
27.44 
36.50 
45.60 

58.25 


22 


23  16.28 
30.50 

1  23  56.44 

2  o  26.13 
I  55.63 

5  39.70 

6  20.60 
35.20 

6  47. 20 

7  1.50 

15.00 
27.00 

36.30 
45.60 

7  59.90 


8  37.08 

9  15-78 
32.30 

+2     9  52.10 


+o*'747 
0.741 

0.734 
0.713 
o.  708 

0.678 
0.744 
0.774 
0.743 
0.746 


o. 


I  !<■ 


0.694 

o.  710 

0.748 
0.748 

0.724 
0.647 

o.  708 

0.736 
0.786 

0.674 
0.703 

0.676 

0.729 

o.  722 

0.685 
0.681 
0.686 

0.623 

0.598 
0.741 

0.652 

0.686 
0.681 

0.696 
o.  702 

0.705 

0.660 

0.733 
0.689 

0.696 
0.694 

0.689 

o.  711 
+0.692 


+0^1749 

0.748 
0.747 
0.744 
0.741 

0.740 

0.738 

0.732 
0.729 


0.725 

o.  722 
o.  720 

0.717 
0.713 

o.  710 

0.707 
0.703 

o.  702 
o.  700 

0.697 
0.696 

0.695 

0.694 

0.693 

0.692 
0.691 
0.690 

0.687 
0.679 

0.665 

0.664 
0.663 
0.662 
0.662 

0.661 
0.661 
0.661 
0.661 
0.661 

0.660 
0.660 
0.660 
0.660 
+0.660 


— o¥o02 

-  7 

-  13 

-  31 

-  2,Z 


+ 
+ 
+ 
+ 

+ 


+ 
+ 

+ 

+ 
+ 
+ 


+ 

+ 
+ 


+ 
+ 
+ 

+ 
+ 

+ 
+ 


62 
6 
42 
14 
19 

53 
28 
10 
31 
35 

14 
60 

5 
34 


23 
7 
19 
2,S 
29 


10 

4 

64 

81 


+   76 


23 
19 
34 

41 

44 

I 

72 

28 


+  36 
+  34 
+   29 

+  SI 
+0.032 
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TABLE  I— Continued 


Normal  Number 


Phase 


Weight 


v-b 


0-C 


182, 
183, 
184, 
185, 

186, 
187. 
188, 
189, 
190, 

191, 
192  , 

193. 
194. 

195  • 

196. 
197. 
198. 
199. 
200. 

201 . 
202, 
203, 
204. 
205. 

206. 
207. 
208. 
209. 
210. 


26 
36 
45 
50 

10  58 

11  6 

13 

20 

41 

11  54 

12  8 

12  37 

13  II 
30 

13  49 

14  8 

14  36 

15  19 

15  50 

16  9 
29 
45 

16  59 


20  I 

20  36 

21  20 
21  56 

+  2  22  37 


+0M679 
0.689 
0.693 
0.656 
0.672 

0.64s 
0.686 
0.672 

0-653 
0.641 

0.667 
0.633 
0.624 
0.637 
0.617 

0.634 
0.653 
0.681 
0.692 
0.666 

0.67s 
0.630 
0.673 
0.633 
0.650 

0.699 
0.739 
0.709 
0.699 
+0.694 


+0^660 
0.660 
0.660 
0.660 
0.660 

0.661 
0.661 
0.661 
0.662 
0.663 

0.664 
0.665 
0.667 
0.668 
0.669 

0.670 
0.670 
0.672 
0.674 
0.678 

0.680 
0.682 
0.687 
0.686 
0.68S 

o.  699 

0.739 

0.713 

0.718 

+0.722 


+0*^019 

+  29 

+  33 

+  4 

+  12 

-  16 
+  25 
+  II 

-  9 

-  22 


+ 


+ 
+ 


3 

32 
43 
31 


36 
17 
9 
18 
12 

5 
52 
II 

53 
38 


5 
31 

-  4 

-  19 

-  0.028 


+ 


The  influences  of  ellipticity  of  figure  and  of  reflection  are  apparent 
in  the  curve.  Values  of  these  constants,  as  well  as  for  the  intensity 
at  quadrature,  and  the  depth  and  the  phase  of  secondary  minimum 
were  found  by  a  least-squares  solution.  Assuming  the  brightness 
of  the  comparison  star  as  9^^94,  we  have  the  following  magnitudes 
of  Y  Camelopardalis :  at  maximum  brightness  10*^60;  at  primary 
minimum,  12-^^41;  at  secondary  minimum,  10^^68. 

The  solution  of  the  curve  on  assumptions  of  uniform  illumina- 
tion and  total  darkening  at  the  limb  were  carried  through  on  the 
usual  lines.     The  difference  in  Imninosity  of  the  two  stars  according 
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to  the  uniform  solution  is  large.  It  was  impossible  to  make  a 
satisfactory  darkened  solution  with  the  retention  of  all  the  values 
found  from  the  least-squares  solution.  In  order  to  retain  the  value 
0.041  for  the  difference  in  brightness  of  the  two  sides  of  the  fainter 
star,  it  was  necessary  to  increase  the  depth  of  secondary  mini- 
mum by  0.0065,  thereby  reducing  the  luminosity  of  the  dark  side 
to  zero. 

It  is  interesting  to  note  also  that  we  cannot  tell  which  component 
is  the  larger  until  we  know  to  what  degree  the  disks  are  darkened 

TABLE  II 


Uniform 


Darkened 


JSIaximum  radius  of  dark  star 

Minimum  radius  of  dark  star 

JNIaximum  radius  of  bright  star 

Minimum  radius  of  bright  star 

Ratio  of  radii  of  each  star 

Ratio  of  radii  of  two  stars 

IncKnation  of  orbit  plane 

Component  of  orbital  eccentricity 

Difference  of  light  of  sides  of  dark  star 

Light  of  bright  star 

Light  of  brighter  side  of  dark  star 

Light  of  darker  side  of  dark  star 

Ratio  of  surface  brightness: 

Of  the  bright  star  to  brighter  side  of  dark  star 

Of  the  bright  star  to  darker  side  of  dark  s  tar . 
Equal-mass  densities: 

Of  the  bright  star 

Of  the  dark  star 


0/  0.2451 

hf  0.2287 

ah  0.2228 

hb  0.2079 

b/a  0.934 

k  I. 100 

i  84° 38' 

e  cos  co+o.oiS 

2C  0.041 

Lb  0.9498 

Lf  0.0502 

Lf—2C  0.0092 

Jb/Jj        23 


0.0418 
0.0556 


0.2308 
p.  2152 
o. 2664 

0.2488 

0-934 
0.866 
86°  7' 
+0.018 
0.041 
0.9590 
0.0410 


17-5 


0.0500 
0.0325 


at  the  limb.  If  the  stars  present  uniformly  illuminated  disks,  then 
the  darker  star  is  slightly  the  larger.  The  darkened  solution,  on 
the  other  hand,  makes  the  brighter  star  considerably  the  larger. 

The  curve  drawn  out  in  the  diagram  and  given  also  under  "C" 
in  the  Table  of  Normals  is  the  one  computed  on  the  assumption 
of  total  darkening. 

The  visual  and  photographic  ranges  in  primary  minimum  are 
practically  identical.  As  the  dark  star  supplies  but  a  small  fraction 
of  the  hght  remaining  at  primary  minimum,  no  conclusions  in 
regard  to  difference  in  spectral  type  of  the  components  can  be 
drawn  from  this  fact. 
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Other  results  of  interest  are  summarized  in  Table  II.  The 
Unit  of  length  is  the  radius  of  the  relative  orbit.  The  unit  of 
light  is  the  combined  light  of  the  brighter  sides  of  the  two  stars  at 
maximum  area.  The  mass  of  each  component  is  assumed  equal 
to  that  of  the  sun  and  the  unit  of  density  is  the  density  of  the  sun. 

Princeton  University  Observatory 
June  1921 


THE  -SPECTROSCOPIC  BINARY  BOSS  3644,  VIRGINIS^ 

By  JOHN  C.  DUNCAN 
ABSTRACT 

Spectroscopic  binary  Boss  3644,  Virginis. — The  elements  of  the  orbit  of  this  sixth- 
magnitude  star  of  type  F2  have  been  determined  from  eighteen  spectrograms.  P  is 
2.6960  days,  K  is  24.3  km/sec,  7  is  17.6  km/sec,  and  c  is  0.00.  A  velocity-cur\'e 
is  given. 

Theradial  velocity  of  the  star  Boss  3644  (a=i4''8™5,  5=  —  22°25'; 
1900.0)  was  found  to  be  variable  by  Miss  A.  M,  Brayton  from  her 
measures  of  three  spectrograms  made  with  the  60-inch  reflector 
and  single-prism  spectrograph  early  in  1920.     During  the  current 

TABLE  I 
Observations  of  Boss  3644 


Plate 


9092 
9239 

9881 

9903 
9912 

9925 
9930 
9943 

9959 

9972 

10017 

10025 
10027 
10030 

10034 
10062 
10096 

10134 
10142 
10143 


Date,  G.M.T. 


1920  Feb.     5      I*" 
Mar.  31  21 
May  31  20 


06° 

57 
20 


1921  Jan.  29  I  02 

Feb.  17  23  18 

Feb.  19  I  14 

Feb.  20  I  07 

Feb.  20  22  23 

Feb.  23  23  II 


Feb.  25  22 
Feb.  26  23 
Mar.  19  21 


31 

35 
55 


Mar.  20  19  38 
Mar.  20  22  09 
Mar.  22  20  17 


Mar.  23  o  30 
Mar.  27  19  16 
Apr.  17  22  43 


Apr.  27  19  31 
Apr.  28  19  12 
Apr.  28  19     36 


J.D.  242 

2000 -|- 

Days  after 

Maximum 

Velocity 

Observed 
Velocity 

360 

415 

476 

046 
915 

847 

1. 471 
0.724 
2-344 

-  3-2 
-hio.6 
+34-2 

719 

738 
740 

043 
971 

051 

1.900 
0.260 
I   340 

+  11. 7 
+48.0 

-   2.7 

741 
741 
744 

047 

933 
966 

2.336 
0.526 
0.863 

+41-8 
+  28.8 
+  3-6 

746 

747 
768 

938 
983 
913 

0-139 
1. 184 
0.546 

+34-9 
-   5-6 

+  21.4 

769 
769 
771 

818 
923 
845 

I-45I 
1-556 
0.782 

—  II.O 

-  3-8 

+  13-2 

772 
776 
797 

014 
803 
947 

0-951 
0.348 
2.620 

+  5-2 

+32.8 

+35-5 

807 

808 
808 

813 
800 

817 

1.702 
2.689 

O.OIO 

+  0.2 

+39-9 
+41-0 

0-C 

+    2.6 
-  4.2 


+  0.9 
+  10.4 
+  4-0 

+  7-9 
+  3-0 

-  3-7 

-  5-8 

-  0.6 

-  3-3 

-  5-0 
+  0.1 
+  1-7 


+ 


2.2 
1.6 
6.1 


-  0.9 

-  2.0 

-  0.9 


Contributions  from  the  Mount  Wilson  Observatory,  No.  212. 
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year,  eighteen  additional  plates  have  been  secured  by  various 
observers  with  the  same  equipment.  All  the  plates  are  listed  in 
Table  I,  in  which  the  column  headed  "Observed  Velocity"  gives 
for  each  plate  the  mean  result  of  Miss  Brayton's  measures  and 
mine.  The  numbers  in  the  fourth  and  last  columns  are  derived 
from  the  circular  elements  given  below. 

The  star  is  of  the  sixth  magnitude  and  of  spectral  t>^e  F2. 
From  eight  to  twelve  lines  were  measured  on  each  plate,  those 

km/sec  0123  days 

+5C 


+40 


+30 


+20 


+  10 


^ 

LU 

Q 

V- 

; 

K 

i 

1 

Aj) 

d 

(■ 

) 

A 

® 

k- 

O) 

(^ 

W 

Velocity-curve  of  Boss  3644 

chosen  being  of  iron  and  occasionally  of  hydrogen.     Preliminary 
elements  were  derived  by  the  method  of  Lehmann-Filhes  as  follows : 

F=   2  .6960  days 

K=25.o  km/sec. 

C0  =  32O° 

e=  0.08 

r=j.D.  2422746.45 

7= +  17  .47  km/sec. 

A  least-squares  solution  was  based  on  these  elements,  using 
only  the  eighteen  plates  of  192 1  and  omitting  the  period.     As  the 
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resulting  correction  to  the  eccentricity  was  —  o.ii=fco.o6,  this 
element  was  assumed  to  be  o.oo  and  a  second  solution  was  made 
with  T,  K,  and  y  as  the  only  variables.  By  the  first  solution  2ot 
was  reduced  from  443  to  338,  and  by  the  second  it  was  further 
diminished  to  2,33-  The  circular  elements  from  the  second  solution 
and  the  period  originally  found  are: 

P=2  .6960  days 

iv  =  24.34±i  .08  km/sec. 

e=o.oo 

Tq  =  J.J).  2422744.103=^0.023 

7=4-i7.6o±o.85  km/sec. 

a  sin  i=  902,300  km 

ml  sin^  i  ^ 

J— J- — r^=  0.00404  G 

T^  indicates  the  epoch  of  maximum  positive  velocity.  In  the 
accompanying  velocity-curve  the  radius  of  the  circles  representing 
the  observations  is  equal  to  the  probable  error  of  a  single  plate, 
±3.18  km/sec. 

Mount  Wilson  Observatory 
June  1921 
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THE  DEFINITION  OF  A  NOVA 

By  J.  G.  HAGEN,  S.J. 

ABSTRACT 

Collision  theory  of  the  origin  of  novae,  irregular  variables,  O  stars,  planetary  nebulae 
and  5  Cephei  variables. — Seeliger's  suggestion  that  temporary  stars  originate  from 
encounters  between  stars  and  cosmic  nebulae  is  made  more  specific  by  assuming  that  the 
nebulae  are  cometarj-- — that  is,  become  luminous  at  the  approach  of  the  stars,  and  the 
possible  results  of  four  tj'pes  of  such  encounters  are  discussed,  (i)  Transit  without  con- 
tact might  produce  a  nova  with  a  relatively  small  range  of  variation  (type  T  Bootis  ?). 
(2)  Grazing  the  nebula,  if  repeated  occasional!}',  might  result  in  an  irregular  variable 
such  as  T  Pyxidis.  (3)  Passage  through  the  nebula  on  a  hyperbolic  path  might  result 
in  a  nova  of  the  ordinary  U'pe  (T  Aurigae)  and  in  a  star  with  a  nebulous  envelope,  an 
O  star.  (4)  Capture  of  the  star  by  the  nebula  might  give  a  5  Cephei  variable  or  a 
planetar>'  nebula.  The  theor>'  is  shown  to  account  for  nearly  all  the  facts  of  observa- 
tion relating  to  ordinary  novae,  particularly  the  range  of  hght,  shape  of  the  light-curve, 
character  of  the  spectrum,  their  rarity,  and  their  physical  similarity  to  O  stars  and 
planetary  nebulae. 

Definition  of  a  nova  suggested  by  the  above  theory  is  "a  cometary  nebiila  brought 
temporarily  into  close  proximity  or  contact  with  a  bright  star."  This  definition  does 
not  include  novae  in  spiral  nebulae,  but  fits  the  four  t>'pes  enumerated. 

That  the  definition  of  new  stars,  so  called,  will  have  to  be 
revised  has  been  repeatedly  expressed  in  recent  publications.  It  is 
quite  natural  that  Newton's  definition  should  have  held  its  own 
for  two  hundred  years,  because  only  the  spectroscope  could  reveal 
new  facts  about  these  stars. 

In  his  Principia  inathematica  (ed.  1760),  III,  last  proposition, 
Newton  defines  the  novae  as  "fixed  stars  that  suddenly  appear, 
at  first  shine  brilliantly  and  then  gradually  fade  away."      Later 
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definitions,   like  those  of  Xewcomb'   and  Miss   Gierke,'  are  but 
expansions  of  that  given  by  Newton. 

I 

In  formulating  a  definition  that  takes  account  of  what  we  now 
know  about  nebulae  surrounding  the  novae,  about  stars  of  Class  O 
and  planetaries,  it  will  be  convenient,  if  not  necessary,  to  start 
from  certain  assumptions  that  may  yet  be  disputed.  The  resulting 
theory,  although  not  definite,  can  for  the  present  at  least  serve  as  a 
working  hv-pothesis. 

One  of  these  assumptions  is  that  temporary  stars  originate  from 
encounters  between  stars  and  cosmic  clouds,  an  opinion  proposed 
and  elaborated  by  Seeliger,  in  Astronomische  Nachrichten,  181, 
81,  1909,  and  in  other  communications  as  far  back  as  1886. 
Another  assumption  consists  in  the  views  expressed  by  the  writer 
in  an  article  on  the  '' Astrophysical  Problem  of  Variable  Stars  "^  and, 
in  particular,  in  the  view  on  the  5  Cephei  problem.  We  shall  only 
recall  from  that  article,  that  a  5  Cephei  variable  may  be  considered 
as  a  binary  system,  one  component  of  which  is  a  star  like  our  sun 
and  the  other  a  cosmic  nebula  of  cometary  qualities.  A  nebula  is 
said  to  have  ''cometary  qualities"  w^hen  it  becomes  luminous  by  the 
mere  approach  to  a  star  like  our  sun. 

Seeliger's  assumptions  regarding  star  and  cloud  are  quite 
general  and  exclude  no  special  case.  We  now  specify  his  ''cloud'' 
as  a  cometary  nebula  that  will  develop  eruptions  of  light  by  the 
mere  approach  of  a  radioactive  star  similar  to  our  sun.  A  clear 
basis  is  thus  obtained  for  further  conclusions  on  the  nature  of 
temporary  stars. 

II 

To  begin  with,  it  seems  necessary  to  exclude  from  our  considera- 
tion the  new  stars  found  in  spiral  nebulae  because,  judging  from  the 
continuous  spectrum  of  S  Andromedae,  the  nova  of  1885,  they 
form  a  class  of  their  own. 

The  light-curves  of  the  novae  are  so  much  like  those  of  the  5 
Cephei   tx-pe   that   the   comparison   will   be   suggestive   in  many 

'  The  Stars,  p.  127. 

*  Problems  in  Astrophysics,  p.  375. 

3  Monthly  Notices  of  the  Royal  Astronomical  Society,  81,  226,  1921. 
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ways;  there  are  only  two  differences:  the  Hght-curves  of  the 
novae  have  a  larger  range,  amounting  sometimes  to  fifteen  magni- 
tudes, and  have  no  periodic  repetition. 

The  range  of  variation  in  the  5  Cephei  stars  is  confined  to 
about  one  magnitude,  and  yet  they  are  known  to  be  giant  stars. 
What,  then,  must  be  the  dimensions  of  a  nova  ?  Campbell  and 
]\Ioore  have  found  evidence  that  planetary  nebulae,  which  we  hope 
to  show  to  be  a  special  class  of  novae,  contain  sufficient  material  to 
form  systems  more  extensive  than  our  solar  system.' 

The  periodic  variation  of  the  5  Cephei  stars  consists  essentially, 
as  we  have  assumed,  in  the  elliptic  motion  of  two  components. 
Now  substituting  other  kinds  of  orbits,  regular  or  disturbed,  we 
may  get  temporary  variables.     Divers  hypotheses  can  be  made. 

1.  If  a  star  passes  by  the  nebula  in  a  relatively  h^-perbolic 
orbit,  without  contact,  one  maximum  brightness  is  produced, 
exactly  similar  to  that  of  a  5  Cephei  variable,  but  without  repeti- 
tion. Temporary  stars  of  this  class  easily  escape  observ^ation,  even 
when  the  eruption  of  light  takes  place  on  our  side  of  the  nebula, 
because  of  the  small  range  of  variation  and  the  short-lived  eruption. 

May  not  Baxendell's  T  Bootis  (i860)  or  Pogson's  U  Scorpii 
(1863),  which  reached  the  tenth  and  ninth  magnitudes  respectively, 
and  other  merely  telescopic  novae,  belong  to  this  class  ? 

2.  What  will  happen  when  the  star  just  grazes  the  cosmic 
nebula  may  perhaps  be  learned  from  irregular  variables  like  P 
Cygni,  T  Tauri,  and  T  Pyxidis.  The  first  of  these  had  reached  the 
third  magnitude  in  1600  and  a  second  time  in  165 7-1 659;  since 
then  it  has  remained  a  star  of  fifth  magnitude.  T  Tauri  w^as  of 
the  ninth  magnitude  in  1852  and  again  in  the  years  1877-1881  and 
1902;  according  to  the  Annual  Report  for  1915  of  the  Mount 
Wilson  Observatory  (No.  61,  p.  291)  the  star  is  surrounded  by 
an  extensive  atmosphere  which  shows  the  emission  lines  of  the 
O  spectrum.  Of  T  Pyxidis  only  three  outbursts  were  noticed  in 
thirty  years,  viz.,  in  1890,  1902,  and  1920.  The  last  one  was 
observed  spectroscopically  with  the  100-inch  reflector  by  Adams  and 
Joy,  who  found  numerous  relationships  to  the  spectrum  of  no\ae.^ 

■  Publications  of  the  American  Astronomical  Society,  3,  195,  1918,  and  Publications 
of  the  Lick  Observatory,  13,  177,  1918. 
^  Papular  Astronomy,  28,  514,  1920. 
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Stars  of  this  kind  form  a  transition  from  the  5  Cephei  t}pe  to 
the  novae  properly  so  called. 

3.  Elliptic  motion  between  star  and  nebula  may  become  impos- 
sible when  the  star's  mass,  relative  to  that  of  the  nebula,  exceeds 
the  limits  compatible  with  the  5  Cephei  type.  Indeed,  mutual 
attraction  may  then  become  so  strong  that  the  star  gets  enveloped 
in  the  nebula.  If  its  velocity  relative  to  the  nebula  is  sufficiently 
large  to  overcome  the  resisting  medium  and  the  two  bodies  sepa- 
rate in  a  h}^erbolic  orbit,  we  have  a  temporary  star  of  the  ordinary 
type,  B  Cassiopeiae,  T  Aurigae,  and  others. 

This  theory  is  put  to  the  severe  test  of  having  to  account  for  the 
range  of  light,  for  the  character  of  the  spectrum,  and  for  the  shape 
of  the  curv^e,  but  it  seems  to  stand  it. 

a)  The  range  has  been  explained  by  Professor  Seeliger  and  the 
spectrum  by  Dr.  Halm,  both  on  the  h^-pothesis  of  a  (dark)  celestial 
body  entering  a  cosmic  cloud.  Xow  their  explanations  of  the 
general  case  seem  to  be  even  facilitated  when  the  body  entering 
the  cloud  is  specified  as  a  star  possessing  all  the  radiant  energy 
of  our  sun  and  the  cloud  as  a  nebula  endowed  with  the  cometary 
quality  of  becoming  luminous  by  the  mere  approach  to  the  radiating 
star. 

While  in  a  5  Cephei  star,  at  periastron  passage,  the  intensity  of 
light  is  about  doubled,  that  of  a  no^'a  may  be  increased  a  million 
fold.  According  to  Seeliger  the  mechanical  impact  alone,  between 
star  and  cloud,  is  amply  sufficient  to  account  for  a  range  like  this. 
So  much  the  more  will,  in  our  case,  the  combined  effect  of  radiation 
and  friction  account  for  it.  Examples  worked  out  numerically 
are  given  by  Veronnet  in  Cow^^e^  i?gwc?z<5, 172,  666, 1921.  Recalcu- 
lates the  surface  temperature  of  a  nova  on  various  suppositions 
regarding  the  orbits,  masses,  densities,  radii  of  star  and  nebula, 
and  he  shows  how  the  mechanical  theory  is  by  itself  apt  to  satisfy 
the  observations.  If  we  ever  had  the  opportunity  of  observdng 
a  comet  falling  into  the  sun,  we  might  be  able  to  estimate  the  other 
factor  of  the  process  also,  the  radiation  within  the  nova. 

h)  About  the  spectrum  and  its  variations  in  temporary  stars 
Dr.  Halm  has  written  an  extensive  treatise'  in  which  he  shows  at 

'  Proceedings  of  the  Royal  Society  of  Edinburgh,  25,  513-552,  190S;  see  especially 
P-  519- 
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least  the  possibility  of  explaining  all  the  facts,  provided  the  addi- 
tional hypothesis  is  made  that  the  star,  in  leaving  the  cloud,  carries 
with  it  a  quantity  of  nebulous  matter.  For  a  cosmic  cloud  specified 
as  a  cometary  nebula  this  additional  assumption  is  not  only  natural 
but  apparently  inevitable.  There  are  thus  two  stages  to  be  dis- 
tinguished in  a  nova  of  this  class:  the  initial  stage  of  a  giant 
nebula  with  a  brilliant  stellar  nucleus,  and  the  subsequent  stage  of  a 
star  surrounded  by  a  nebulous  atmosphere.  The  star  has  become 
an  O  star,  entirely  separate  from  the  large  cloud,  and  the  latter 
will  gradually  fall  back  into  its  former  obscurity.  The  O  star 
remains,  but  the  nova  has  disappeared. 

Without  entering  into  details,  we  quote  a  suggestion  of  Adams 
and  Pease,^  "that  the  disappearance  of  the  chief  nebular  lines  is 
coincident  with  the  emergence  of  the  star  from  the  nebula." 

c)  The  light-curve  of  a  nova  presents  no  difificulty  to  the  theory. 
The  varieties  among  some  of  the  curves  in  the  ascending  branch 
may  in  part  be  due  to  the  direction  from  which  the  star  enters  the 
cloud,  relative  to  the  line  of  sight.  Suppose  the  star  enters  the 
nebula  from  our  side,  the  process  of  illumination,  preceding  actual 
contact,  becomes  visible.  It  will,  on  the  contrary,  be  partly 
hidden  when  the  approach  is  from  the  averted  side. 

The  passing  of  the  star  through  the  cloud  must  disturb  the 
surface  equilibrium  of  the  nebula,  which  can  only  be  restored 
through  a  series  of  oscillations.  The  descending  branch  of  the 
light-curv'C  discloses  the  disturbance  by  its  undulating  shape. 
It  is  for  this  stage  of  a  nova  that  the  pulsation  theory  would  seem 
to  find  its  full  application. 

4.  If  the  star,  after  entering  the  nebula,  does  not  leave  it  in  a 
hyperbolic  orbit,  it  is  bound  to  become  permanently  captured  by  it. 
Even  if  it  should  escape  and  begin  to  describe  an  elliptic  arc,  it 
must  re-enter  the  cloud  and,  in  a  spiral-shaped  path,  reach  the 
center  of  gravity.  When  the  two  celestial  bodies  move  in  directions 
that  form  an  acute  angle,  their  relative  velocity  is  partly  the  differ- 
ence of  their  proper  motions  and  may  be  so  small  that  the  star 
cannot  overcome  the  resisting  medium  of  the  nebula;  it  has  become 
its  permanent  nucleus. 

^  Aslrophysical  Journal,  40,  297,  1914. 
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Professor  Campbell  asks  the  question'  whether  planetaries  and 
novae  are  "results  of  catastrophes''  and  suggests  "a  common  or 
closely  related  origin  of  the  two  classes  of  objects."  Why  not  say 
directly  that  the  planetary  nebula  originated  as  a  nova  of  the 
kind  here  considered  ? 

According  to  this  theory  the  difference  between  O  stars  and 
planetary  nebulae  is  mainly  one  of  quantity.  The  O  star  carries 
with  it  a  portion  of  the  nebula,  the  planetary  is  the  entire  nebula 
enveloping  the  star.  The  similarity  was  first  recognized  by 
E.  C.  Pickering^  in  1891,  when  he  combined  the  spectra  of  O  stars 
and  of  planetary  nebulae  into  Class  V  of  Secchi's  series.  Twelve 
years  later  W.  H.  Wright  found  that  the  nuclei  of  some  planetary' 
nebulae  are  O  stars,  and,  vice  versa,  that  the  envelopes  of  some 
O  stars  are  planetary  nebulae,^  a  discovery  verified  soon  after  by 
Bosler*  and  others. 

Ill 

The  physical  connection  between  novae,  planetary  nebulae,  and 
O  stars  maintained  in  this  theory  thus  accounts  satisfactorily  for 
nearly  all  the  facts  of  observation,  but  a  number  of  questions  remain 
to  be  answered. 

1.  The  salient  feature  of  these  celestial  bodies  is  their  rare 
occurrence.  The  number  of  known  planetary  nebulae  is  less  than 
150  and  that  of  the  O  stars  smaller  yet.  The  ordinary  novae  are 
fully  as  uncommon  relatively  to  the  total  number  of  stars.  This 
circumstance  has  long  since  led  to  the  view  that  the  three  classes 
of  objects  do  not  fit  into  the  general  path  of  natural  evolution  and 
must  be  considered  as  products  of  exceptional  events.  The  fact 
that  all  of  them  are  galactic  phenomena  lends  support  to  this 
view. 

The  ''exceptional  events"  must  be  the  encounters  between 
stars  and  nebulae,  as  explained  above. 

2.  If  a  planetary  originates  from  a  star  like  our  sun  entering  a 
giant  nebula,  the  question  may  be  raised  as  to  the  mass  of  a  plane- 

'  Publications  of  the  Lick  Observatory,  13,  173,  1918. 
'  Astronomische  Nachrichten,  127,  5,  1891. 
3  Astrophysical  Journal,  40,  466,  1914. 
*  Comptes  Rendiis,  160,  124,  1915. 
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tary.  Fortunate!}',  the  question  has  been  answered  by  Professor 
Campbell.  From  the  interior  rotations  of  the  larger  and  brighter 
nebulae  he  deduced  that  their  minimum  probable  masses  are  several 
fold  the  sun's  mass,  while  smaller  planetaries  may  be  comparable 
with,  or  even  smaller  than,  our  solar  system.' 

More  serious  perhaps  is  the  question  of  color.  No  yellow  light 
reaches  us  from  the  nucleus  of  a  planetary,  either  visually  or 
photographically,  in  contrast  to  spiral  nebulae,  whose  nuclei  are 
of  the  solar  tjpe  and  the  branches  intensely  blue.^  However,  a 
conclusion  from  one  of  these  essentially  different  classes  of  objects 
to  the  other  is  not  warranted.  Nor  do  we  know  what  transforma- 
tions a  radioactive  star  undergoes  when  permanently  imbedded 
in  a  cometary  nebula. 

The  radial  ^■elocity  of  planetary  nebulae,  though  in  general 
of  the  same  order  of  magnitude  as  that  of  the  stars,  is  on  the  average 
more  than  twice  as  large. ^  The  conclusion  that  cometary  nebulae, 
as  a  class,  moAe  faster  than  stars  would  seem  premature,  because 
the  five  5  Cephei  stars,  contained  in  Voute's  First  Catalogue  of 
Radial  Velocities  (1920),  have  a  mean  velocity  of  only  13.4  km. 
The  explanation  is  rather  this,  that  the  chances  for  collision  are  the 
greater,  the  greater  the  speed  of  individual  stars  and  nebulae. 

This  view  is  not  contradicted  by  the  fact  that  the  novae  so 
far  examined  have  small  angular  proper  motions,'*  because  stars 
that  encounter  nebulae  with  nearly  opposite  velocities  and  work 
their  way  through  a  resisting  medium  must  necessarily  lose  part 
of  their  proper  speed,  angular  or  radial.  The  case  is  different  from 
that  of  planetaries,  in  which  the  initial  velocities  of  star  and  nebula 
are  more  or  less  parallel  and  are  fused  into  one  common  motion. 

IV 

Recapitulating,  we  have  the  following  classes  of  so-called  new 
stars.  First,  the  novae  in  spiral  nebulae,  excluded  from  our 
theory  (t>pe  S  Andromedae).     Regarding  those  within  our  stellar 

^Publications  of  the  Lick  Observatory,  13,  178,  1918. 

'  F.  H.  Scares,  Publications  of  the  American  Astronomical  Society,  3,  220,  1918. 

i  Publications  of  the  Lick  Observatory,  13,  72. 

*  Popular  Astronomy,  29,  221,  1921. 
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system,  some  originate  without  actual  contact  between  star  and 

nebula  and  are  rarely  noticed  (type  T  Bootis  ?).     Others  burst  out 

through  the  occasional  grazing  of  a  star  and  a  nebula  which,  at 

least  for  a  time,  are  both  physically  connected  (t}'pe  T  P}oddis  ?) . 

Still  others,  perhaps  most  of  them,  become  O  stars  (tjpie  T  Aurigae). 

Finally,  some  will  turn  into  planetar}^  nebulae  (no  t>'pe  assignable 

because  the  transformation  has  not  yet  been  directly  observed). 

Considering    these    various   possibilities,    we    can   understand 

why  an  unequivocal  definition  of  temporary  stars  has  hitherto 

been  impossible.     Restricting  the  concept  of  a  new  star  to  the 

outburst  of  light,  and  not  comprising  in  it  the  permanent  stages 

of  planetaries  and  of  O  stars,  the  following  definition  would  seem  to 

cover  all  the  cases  within  our  stellar  system :  A  nova  is  a  cometary 

nebula  brought  temporarily  into  close  proximity  or  contact  with  a 

bright  star. 

Vatican  Observatory,  Rome 
June  192 1 


INVESTIGATIONS  ON  PROPER  MOTION 

FOURTH  PAPER:    INTERNAL  MOTION  IN  THE  SPIRAL 
NEBULA  MESSIER  51' 

By  ADRIAAN  V.AV  M.\.\XEX 

ABSTRACT 

Spiral  nebula  Messier  ji. — A  comparison  of  a  plate  taken  by  Mr.  Duncan  on 
April  8,  1921,  with  one  taken  by  Mr.  Ritchey  on  February  7-8,  1910,  both  at  the 
25-foot  focus  of  the  60-inch  reflector,  enabled  the  proper  motion  of  the  nebula  and  the 
relative  motion  of  its  parts  to  be  determined.  Measurements  of  80  points  of  the  neb- 
ula compared  with  those  of  20  stars  give  for  the  nebula  an  annual  proper  motion 
of  -Ho '006  in  right  ascension  and  -)-o'ooi  in  declination.  The  internal  proper  motion 
is  not  a  pure  rotation  since  the  mean  radial  component  is  outward  and  is  42  per  cent 
of  the  mean  tangential  component  which  is  0^019  EN\VS;  rather  it  is  a  spiral  motion 
out  along  the  arms  at  the  rate  of  o''o2i  per  year  together  with  a  slight  outward  radial 
motion  of  0^003. 

Two  sixteenth  magnitude  stars  with  large  proper  motions,  about  0*15  per  year, 
were  found  near  Messier  51.     They  are  called  /  and  r. 

Five  years  have  elapsed  since  the  first  evidence  of  internal 
motion  in  a  spiral  nebula,  as  derived  from  direct  photographs,  was 
announced  in  this  Journal.^  The  time  interval  between  the  old 
and  new  plates  taken  at  the  25-foot  focus  of  the  60-inch  reflector 
has  now  been  doubled,  thus  quadrupling  the  weight  of  the  annual 
motions  derived  from  them;  it  was  accordingly  thought  worth 
while  to  investigate  several  objects  of  this  class. 

The  first  spiral  nebula  for  which  two  plates  with  a  ten-years' 
interval  became  available  was  M  33,  A  note  concerning  the 
preliminary  measures  for  51  points  of  this  nebula  has  appeared 
elsewhere.^  These  results  show  a  decided  internal  motion,  which, 
as  in  the  case  of  M  loi,^  can  be  explained  either  as  a  rotation 
combined  with  a  radial  motion  outward,  or  as  an  outward  motion 
along  the  streamers  of  the  nebula.  More  elaborate  measures  of 
this  object  await  the  securing  of  another  plate.  If,  as  is  hoped, 
we  can  measure  several  hundred  points  in  this  object,  some  light 
may  be  thrown  on  the  laws  that  govern  the  motions. 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  213. 

^  Astro  physical  Journal,  44,  210,  1916. 

3  Proceedings  of  the  National  Academy  of  Sciences,  7,  i,  192 1. 
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In  the  meantime  Mr.  Duncan  secured  a  plate  of  the  spiral 
nebula  -M  51,  of  which  Mr.  Ritchey  had  previously  taken  several 
photographs.  Duncan's  plate,  taken  April  8,  1921,  compares  most 
favorably  with  one  secured  by  Ritchey  on  February  7  and  8,  1910. 
Both  plates  were  exposed  3  hours  and  55  minutes  and  are  of  good 
quality.  Eighty  points,  presumably  belonging  to  the  nebula, 
were  measured,  while  for  comparison  purposes  23  stars  were 
selected.  Further,  two  photographs  taken  by  Mr.  Scares,  one 
with  and  one  without  a  yellow  color-screen,  enabled  me  to  see  if 
objects  were  included  in  either  category  which  probably  did  not 
belong  there.  Of  the  80  nebulous  points  only  one.  No.  27,  was 
decidedly  red,  and  may  therefore  not  be  a  part  of  the  nebula.  In 
the  discussion  of  the  internal  motions  this  point  was  on  this  account 
excluded.  Among  the  comparison  stars,  on  the  other  hand,  one 
object,  j,  was  found  to  be  decidedly  blue.  As  for  this  reason  it 
may  be  a  part  of  the  nebula,  it  was  excluded  for  comparison  pur- 
poses. A  rough  reduction  of  the  measures  showed,  moreover, 
that  two  of  the  comparison  stars,  /  and  r,  have  large  proper  mo- 
tions.    These  were  also  excluded,  leaving  20  comparison  stars  in  all. 

The  plates  were  measured  with  the  new  stereocomparator — 
which  will  be  described  in  another  article — ^in  four  positions,  with 
the  directions  east,  west,  north,  and  south  successively  coinciding 
with  that  of  increasing  readings  of  the  micrometer  screw. 

In  order  to  deal  with  smaller  values  in  the  computations,  the 
mean  measured  displacements  in  right  ascension  and  declination, 
expressed  in  parts  of  the  micrometer  screw,  were  reduced  to  dis- 
placements in  o''ooi  per  year  by  multiplication  of  the  factor 

27200 
9  =  31890X11. i6  =  °-°764, 

in  which  27200  is  the  number  of  thousandths  of  a  second  of  arc 
per  millimeter  on  the  plates,  31890  the  number  of  the  parts  of  the 
micrometer  screw  per  millimeter  on  the  plates,  and  11. 16  the 
interval  in  years  between  the  two  plates.  The  resulting  values, 
w„  and  lUi,  may  be  reduced  to  annual  proper  motion  by 

m„,= a+hx-\-cy+dx^-[-exy+fy^-\- Ha.,         1  ,  . 

nn  =  a'+b'x+c'y+d'x'+e'xy-^J'y^+yii ,  j 
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TABLE  I 
Co-ordinates  and  Measured  Annual  Displacements 
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19 
14 
8 

159 
12 

9 
3 
o 
o 

28 
21 

13 
12 

4 
9 

25 


16 
36 
8 
16 
23 
23 


28 
24 
43 
6 
II 
26 


+         8 
-  7 

+o''o25 


"s 


+ 
+ 

+ 

+ 


+ 
+ 


-o''oo6 

4 
8 


14 
15 
38 
7 
5 
9 
o 

30 
6 

28 
4 


34 
4 
4 


S 

10 
6 
6 
14 
9 
3 
9 
I 

19 
22 
18 
24 
9 
7 


-         9 
+       10 

+ 
+ 
+ 
+  ■ 
+ 

+ 
+ 
+ 


17 
19 

16 
29 

17 
28 
7 
23 
24 
45 
21 
-o':oo3 
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TABLE  I — Conlinued 


No. 


30 
31 
32 
33 
34 
35 
36 
37 
38 

39 
40 

41 
42 

43 
44 

45 
46 

47 
48 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

59 
60 
61 
62 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 

77 

78 

79 
80 


+  1:3 
+1.6 
+  1.6 
+  1.8 

+  2.5 
+  2.4 
+  2.7 
+  2.4 
+  2.1 

+  1.9 
+  2.0 
+  1.6 
+0.6 
-0.8 
-0.9 

—  1.2 

—  2.1 
-1.8 

-2-5 
-2.7 
-1.8 
-2.8 

-3-1 
-0.6 
-0.6 

-0.3 

—  o.  2 
0.0 


+  1-5 
+  2.0 

+  1.9 
+  1.8 

+  1-7 
+0.8 
+0.  2 
0.0 
—  2.0 
+0.6 
+  1.8 
+  2.1 
+  2.1 
+  2.4 
+  2.4 
+  2.4 

+  2.5 
+  2.  2 

+  2.5 
+  2.4 
+  i.'6 


+  2. '2 

+  1.9 
+  1.8 

+  1-5 
+0.3 
+0.2 
—  I.I 
-2.5 
-3-8 
-4.0 
-4.2 
5-2 
-0.9 
-0.9 
-0.9 
-0.7 


+0.6 
+0.3 
+0.5 
+  2.4 
+  2.1 
+  2.4 
+  2.4 
+  2.4 
+  2.5 
+3-1 
+3-0 
+  1.2 
+0.6 

-0-5 
-0.8 
-0.9 
-2.4 

—  2.2 
-1.9 

—  2.2 

-1-3 

+  2.8 

+  1.9 
+  2.0 

+  1.9 
+  1.8 
+0.8 
-0.6 
-0.6 

—  I.I 
-2.4 
-2.7 
-3-8 


+  o''i4 
+   12 


+ 


+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


18 
19 

8 


6 
8 
9 
23 
38 
34 
40 

9 

18 


6 
4 
19 
31 
34 
24 
30 
8 

14 
29 

17 

44 


"5 


+o':oo8 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


+ 


+ 
+ 
+ 
+ 
+ 
+ 

+ 


24 

3 

23 
23 
30 
18 
22 

34 
21 
18 
26 

5 
21 

13 
28 
6 
2>i 
17 
24 
29 
25 
16 

25 
3 

8 

14 

5 

17 

10 

34 

23 

15 

39 

9 

2 

9 

12 

17 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+  0''020 


in  which  a,  h,  .  .  .  .  f  are  the  plate-constants,  x  and  y  the  co- 
ordinates of  the  objects  measured,  and  /x„  and  //^  the  annual 
proper  motions,  expressed  in  thousandths  of  a  second  of  arc. 
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The  plate-constants  were  derived  by  a  least-squares  solution 
from  the  twenty  pairs  of  equations  of  the  form  (i)  for  the  20 
comparison  stars.  For  these  objects  the  usual  supposition  was 
made  that  n^  and  ixg  are  in  the  mean  zero  and  are  not  functions 
of  X  and  y.  The  constants  a,  b,  .  .  .  .  f  thus  found  were  sub- 
stituted in  the  equations  of  condition  (i)  of  all  the  objects  measured. 
The  resulting  annual  proper  motions  are  given  in  the  fourth  and 
fifth  columns  of  Table  I.  The  second  and  third  columns  of  this 
table  contain  the  co-ordinates  in  x  and  y,  expressed  in  minutes  of 
arc  with  a  precision  sufficient  for  identification. 

The  motions  thus  derived  for  the  nebular  points  include  the 
motion  of  the  nebula  as  a  whole  with  respect  to  the  20  comparison 
stars  as  well  as  the  internal  motions  of  the  individual  points.  To 
derive  the  motion  of  the  nebula  as  a  whole,  the  same  process  was 
followed  as  for  M  loi. 

a)  The  mean  for  all  of  the  79  points  gives: 

Ha  =  -\-o'.'oo6    /i5= +0^004. 

b)  Dividing  the  points  into  four  groups,  corresponding  to  the 
four  quadrants,  the  means  of  the  two  groups  in  opposite  quadrants 
should  give  a  good  agreement.     We  find : 

f  Ata=  -|-o''oo4 
Means  for  I  and  III  < 

(  ^t5  =       O.  001 


rMa  =  +0:'0065 


Means  for  II  and  IV 

[fJL5=        O.  000 

The  four  quadrants  combined  give: 

fJLa  =  -\-0'.'00$       t^5  =  +0'/000K 

c)  In  order  to  avoid  points  far  from  the  center  on  account  of 
their  asymmetrical  distribution,  we  may  use  only  those  within  a 
radius  of  3'.     We  then  find: 

Means  for  I  and  III  < 

|^jU5=-|-O.OOI^ 
;Ua  =  -|-0:'008S 

Means  for  II  and  IV  < 

^5  =  —0,001 
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The  four  quadrants  combined  give: 

fXa  =  -{-o'foo6^      /is  =  0^000. 

Gi\ang  equal  weight  to  each  of  the  three  methods  used,  we  derive 
as  the  final  motion  of  the  nebula  as  a  whole 

fj.a  =  -\-o"oo6    ^i6  =  +o''ooi. 

If  now  we  subtract  these  quantities  from  the  values  of  fj.^  and  /x^ 
for  the  nebular  points,  we  obtain  results  which  represent  the 
internal  motions.  These  are  given  in  the  second  and  third  columns 
of  Table  II  and  are  plotted  in  Plate  II.  The  plate  also  shows  the 
motions  of  the  23  stars  as  given  in  Table  I.  The  20  comparison 
stars  are  surrounded  by  a  circle,  while  for  the  stars  /,  j,  and  r, 
which,  for  the  reasons  mentioned  on  page  238.  were  excluded  for 
comparison  purposes,  the  motions  are  represented  by  broken  lines. 
The  scale  of  the  motions  is  indicated  in  the  lower  left-hand  corner. 
The  arrows  represent  the  motions  in  about  iioo  years. 

The  plate  indicates  motions  analogous  to  those  found  for  M  loi 
and  M  33.  They  may  be  interpreted  either  as  a  rotation  combined 
with  a  radial  motion  outward,  or  as  a  motion  along  the  streamers 
outward.     Both  possibilities  are  briefly  discussed. 

a)  Rotational  motion. — In  order  to  discuss  the  results  from  the 
standpoint  of  rotation,  the  internal  motions  of  the  79  points 
(excluding  No.  27)  were  analyzed  into  components  perpendicular 
to  and  along  the  radius.  The  values  are  given  in  the  fourth  and 
fifth  columns  of  Table  II,  the  positive  sign  being  used  for  rotation 
in  the  direction  ENWS  and  for  outward  radial  motion.  For  the 
rotational  component  we  find  74  positive  and  5  negative  values; 
for  the  radial  component  59  positive  and  19  negative  values, 
while  one  is  zero.  The  mean  rotational  component  is  +o'foi9;  the 
mean  radial  component,  +o''oo8.  As  the  mean  distance  from  the 
center  is  2(3,  the  rotational  motion  of  o!oi9  annually  would  indicate 
a  rotation  period  of  about  45,000  years.  The  radial  component 
is  so  large,  however,  that  we  can  hardly  believe  the  motion  to  be 
one  of  rotation  only.  Similar  results  have  been  found  in  all  three 
cases  discussed  so  far.  For  M  loi  the  radial' component  is  32  per 
cent  of  the  rotational  component;  for  M  t,;^,  48  percent;  for  M  51, 
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Internal  ]\Iotions  in  Messier  51 
The  arrows  indicate  the  direction  and  magnitude  of  the  mean  annual  motions.     Their 
scale  (o"i)  is  indicated  on  the  illustration.     The  scale  of  the  nebula  is  i  mm  =  6"2.     The 
comparison  stars  are  inclosed  in  circles. 
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TABLE  II 
Annual  Internal  Motions 


Rotational 


Radial 


Stream 


Transverse 


+  o''o22 

-  27 

-  IQ 

-  18 


+ 


+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 


+ 

+ 
+ 

+ 

+ 

+ 
+ 

+ 


+ 


3 
31 

7 

9 

22 

30 
14 
10 

17 

17 

2 

5 
16 

22 

18 

Z7 
12 

17 
32 
26 

31 

2 

13 

10 

8 

6 

16 
15 


13 
14 
7 
15 
12 

31 
14 
16 


+  10 
-  3 
+  3 
+  4 
o 
+  2 
+o''oo3 


+o''oo9 

+    5 


+ 
+ 
+ 
+ 
+ 


+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


-  20 

-  23 

-  19 

-  25 

-  10 


29 
10 
9 
16 
18 

15 
28 
16 

27 

6 

22 

23 
46 


-    4 


22 
22 
29 
17 
21 

20 
17 

25 
4 

22 

14 
29 
7 
34 
18 


30 
26 


+o''oo7 
+  12 
+  18 
+   21 

+ 


+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


3 

3 
30 

6 
17 

3 
34 

I 
12 
19 
27 


7 
13 
20 

30 
30 

38 


+  14 

+  16 

+  10 

+  20 


29 
II 
26 
22 
20 
18 
38 


—  0.017 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+   21 

+o':oi6 


+  o''o22 
-     24 

7 
2 
8 


+o''oii 

+    I 


+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 


+ 


12 

4 

14 

31 

4 


44 

4 

10 


+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


16 


31 

7 

20 

14 

5 

14 
19 
32 

5 

10 
21 
20 
21 

41 
20 

31 

26 

34 
38 


+  20 

+  10 

—  2 

-  14 


+ 
+ 

+ 

+ 


16 


16 


8 
26 


31 
18 


23 
24 
20 

35 
9 
25 
17 
23 
3 
34 
17 
24 
30 
26 


-i-0.019 

-  27 

-  9 


+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+  ■ 

+ 
+ 
+ 
+ 

+ 

+ 


+ 
+ 


+ 


28 

9 

28 


9 

19 

I 

7 

19 

3 


3 
II 


II 

13 


+o''oo7 


+o''oi7 


-    4 

+    5 
+   12 

7 
+    6 


—  4 

—  20 
+  12 

—  10 

—  2 

—  16 

—  12 

—  T, 

—  8 

—  7 

—  I 
o 

—  o''oo3 
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TABLE  II — Continued 


No. 


53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 

73 
74 
75 
76 

77 
78 
79 
80 


+o':oi7 
+  32 
+ 
+ 


+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


28 
34 
15 
12 
16 

5 
6 

25 


25 

40 

30 

24 


38 

26 

4 


-  2>2, 

-  17 

-  o''oo6 


"« 


-o':o26 
+    2 

-  9 

-  15 

-  6 


+ 
+ 
+ 
+ 
+ 
+ 

+ 


34 
9 

22 

14 

38 

8 

3 
8 

13 


14 
14 

3 

20 
26 
32 
12 

8 
24 


+o''oi9 


Rotational 


+o':o24 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


30 
30 

35 
14 
II 
32 
10 

30 
9 

12 

23 
26 

36 
40 

29 
19 
9 
16 
26 


32 
18 

30 


+o':oi3 


Radial 

+0' 

020 

— 

10 

+ 

5 

+ 

12 

+ 

7 

+ 

19 

+ 

18 

+ 

I 

+ 

14 

+ 

31 

+ 

6 

+ 

30 

0 

— 

7 

+ 

7 

+ 

17 

+ 

24 

— 

5 

— 

4 

+ 

7 

+ 

7 

+ 

30 

+ 

32 

+ 

14 

+ 

3 

— 

16 

+ 

7 

+0 

oiS 

Stream 


+o''o26 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


28 
30 
37 
II 
16 

34 
10 

32 
31 
14 
32 
25 
37 
36 
29 
23 
10 
16 
24 
7 
25 
27 

32 
II 

18 

28 


+  o''o20 


Transverse 


+  o':oi8 
-   13 


+ 
+ 
+ 
+ 


+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 


o 

3 
12 

14 

14 


9 

I 
18 


16 


13 
10 

34 

24 

6 

6 

28 


+  0''002 


42  per  cent.  It  is  on  the  basis  of  this  continuous  evidence  against 
a  purely  rotatory  motion  that  we  feel  more  inclined  to  believe  that 
the  motions  are  in  general  along  the  arms. 

h)  Motion  along  the  arms  of  the  spirals. — Considering  the  motion 
as  following  the  arms  of  the  spiral,  we  find  the  mean  motion  to 
be  +o''o2i,  with  an  additional  perpendicular  component  outward 
of  +o!oo3.  In  the  case  of  M  loi,  we  found  a  small  additional 
motion  inward.  In  M  33  there  is  a  slight  indication  of  motion 
outward.  But  in  all  cases  the  mean  deviations  from  the  direction 
of  the  arms  are  very  small.  Definite  conclusions  as  to  the  real 
meaning  of  these  motions  must,  however,  await  further  measure- 
ments. The  best  evidence  may  be  expected  from  several  hundred 
points  to  be  measured  in  M  33,  as  soon  as  another  plate  can  be 
secured. 
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Among  the  stars  selected  originally  for  comparison  purposes, 
/  and  r  require  comment.  Although  their  photographic  magni- 
tudes cannot  be  brighter  than  i6,  they  show  annual  proper  motions 
of  o''i45  and  o''i63,  respectively. 

I  wish  to  express  my  thanks  to  Mrs.  Marsh  of  the  computing 
division,  who  has  performed  all  the  duplicate  computations  neces- 
sary for  the  derivation  of  the  present  results. 

Mount  Wilson  Observatory 
June  19 2 1 


EXCITATION  STAGES   IN  OPEN  ARC-LIGHT   SPECTRA 

PART  II.     SILVER,  BISMUTH,  CADMIUM,  ZINC,  AIR, 
AND  COPPER' 

By  B.  E.  MOORE 

ABSTRACT 

Excitation  stages  in  low-current  arc  spectra  of  Ag,  Bi,  Cd,  Zn,  and  Cu. — By  a  study 
of  the  variation  of  the  spectrum  with  current  for  from  0.02  to  i  ampere,  about  go  lines 
have  been  classified  in  one  or  other  of  the  five  stages  described  in  Part  I.  All  lines 
appear  first  at  the  negative  pole,  then  at  the  positive,  and  later  still  in  the  middle  of 
the  arc.  Lines  of  Stage  I  come  in  first,  usually  resonance  lines,  the  first  tetms  of 
principal  series.  As  the  current  is  increased,  the  arc  suddenly  flares  up  and  the  lines 
of  Stage  II  appear,  the  lowest  ionization  lines,  including  diffuse  subordinate  series  and 
terms  of  the  principal  series.  Lines  of  higher  stages  are  distinguished  chiefly  by  their 
inception  currents,  which  are  often  three  times  greater  for  one  stage  than  for  the 
preceding  stage;  whether  they  are  due  to  successive  ionization  is  unknown.  When 
lines  first  come  in  they  are  often  intermittent  and  in  any  case  have  an  appreciable  and 
sometimes  a  considerable  intensity.  Before  the  lines  of  Stage  I  appear,  the  glow  shows 
a  continuous  spectrum  and  also  bands,  probably  due  to  molecules,  elementarj'  or 
compound.  In  fact  most  bands  require  only  low  excitation,  some  ceasing  with  Stage  I; 
but  others  develop  like  Stage  II  lines.  Intensity-current  curves  for  18  lines  are  given. 
They  vary  considerably  in  form,  including  three  different  tj^ies.  Intensity  growth 
of  the  positive  pole  is  similar  to  that  at  the  negative,  as  a  rule,  but  later.  The  relation 
at  titese  results  to  the  Bohr  theory  and  to  the  Ritz  equations  is  briefly  discussed.  WTien 
the  ring  positions  corresponding  to  the  types  of  spectral  lines  are  represented  graphi- 
cally, it  appears  that  lines  of  a  given  stage  are  associated  with  rings  lying  within  certain 
limits  and  that  both  these  limits  are  larger  in  radius  the  later  the  stage;  but  the  ranges 
for  the  various  stages  overlap.  In  a  discussion  of  Fowler's  classes  of  enhanced  lines,  it  is 
pointed  out  that  classification  by  excitation  stages  permits  a  more  precise  definition 
of  enhancement,  since  the  lines  of  each  stage  are  evidently  enhanced  with  reference  to 
those  of  all  earlier  stages.  A  comparison  with  King's  temperature  classification  in  the 
case  of  Cu  lines  shows  no  correlation,  some  of  his  Class  III  lines  falling  in  each  excitation 
stage  from  I  to  IV. 

Arc  spectrum  of  cadmium. — A  new  resonance  line  at  X3779  belonging  to  Stage  I 
was  discovered.     Hitherto  it  had  probably  been  supposed  to  be  an  iron  line. 

Arc  spectrum  of  air. — With  low  excitation  two  new  lines  appear  at  X3064  and 
X  3068,  which  may  belong  to  the  positive  nitrogen  bands. 

SILVER 

Table  I  gives  a  complete  list  and  classification  of  all  lines 
observed  under  i  ampere.  Lines  of  Stage  I  fulfil  the  requirements 
that  they  develop  rapidly  at  the  outset  and  are  easily  obtained  in 
the  middle  of  the  arc.  Stage  III  lines  adhere  rigidly  to  the  pole 
position  up  to  i  ampere,  while  Stage  II  lines  are  then  becoming 

'  The  experimental  method  employed  in  Part  II  was  the  same  as  in  Part  I,  except 
that  a  rotating  sector  was  substituted  for  the  crossed  nicol  system.  This  facilitated 
the  readings  very  much. 
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long  and  are  decidedly  present  in  the  middle  of  the  arc.  The  line 
X  5472  has  a  later  origin  than  the  other  di  lines.  This  happens  for 
the  same  type  of  line  with  some  other  substances. 


TABLE  I 

Current  Limits  in  Amperes 


3383/- . 
3281P. 
5472«/i. 
5466^1 . 
5209rfx. 

42I2(/2- 
4056^2 . 
5090. . 


4874. 

466952 

4616. 

447652 

4396. 


-Pole 


•035a 
•035ff 
.09 

■05 
•05 
.062 
.062 


+Pole 


0.050 
.050 


.02 
.02 
.18 
.18 

•7 
.6 
.6 
.6 

•7 
.6 


Stage 


I 

I 

II 

II 

II 

II 

II 

III 

III 

III 

III 

III 

III 

III 


a,  lower  current  not  tried;  p,  d,  s,  principal,  diffuse,  and  sharp  series,  respectively. 
BISMUTH 

The  arc  consisted  of  bismuth  in  a  shallow  brass  crater  at  the 
lower  electrode  and  platinum  at  the  upper  electrode.  For  the 
weakest  currents  the  arc  shows  the  above-described  air  features 
and  one  bismuth  line  at  X  4722.  This  one  bismuth  line  was  trace- 
able at  the  negative  pole  to  0.015  ampere  and  was  visible  at  the 
positive  pole  to  at  least  as  low  as  0.035  ampere.  The  double  slope 
characteristic  of  the  line  is  shown  in  Figure  i.  A  similar  charac- 
teristic is  observed  for  line  X  5552,  although  it  is  later  in  its  origin. 
The  difference  between  positive  and  negative  pole  is  a  later  origin 
of  the  lines  at  the  positive  pole.  Graphically  the  positive-pole 
growth  of  the  lines  is  like  the  negative-pole  growth  except  that  the 
curves  are  displaced  toward  higher  currents. 

Kayser's  table,  Handhuch  der  Spectroscopie,  5,  shows  a  number 
of  bright  lines,  some  of  which  are  marked  ''enhanced."  In  this 
list  XX  5078,  4803,  4798,  4391  (double),  and  4308  (double)  show 
intermittently  at  the  positive  pole  when  the  current  reaches  i 
ampere.  It  does  not  seem  possible,  therefore,  to  place  these  lines 
in  a  class  with  Stage  III,  which  are  quite  brilliant  but  very  short 
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polar  lines  at  i  ampere.  Lines  XX  4803,  4798,  one  or  both,  are 
present.  Kayser  does  not  assign  them  to  the  arc  and  X  4803  is 
designated  "enhanced."  There  are  two  arc  lines  at  X4308;  one  is 
designated  "enhanced."  No  other  enhanced  lines  or  bright  arc 
lines  are  traceable. 

A  Stage  I  line  was  sought  in  the  ultra-violet  at  the  strong  line 
X  3067,  but  the  air  band  interfered  precisely.  With  0.06  ampere 
at  the  negative  pole  XX  3596,  351 1,  and  3397  were  present,  using  the 
quartz  spectrograph,  with  a  five-second  exposure,  while  a  three- 
minute  exposure  at  0.03  ampere  failed  to  reveal  anything  but  air 
and  X  4722.     These  three  lines  are  therefore  assignable  to  Stage  II. 

Table  II  shows  the  lines  assembled  in  stages. 

TABLE  II 


Stage  I 
X 

Stage  II 
X 

Stage  III 
X 

Stage  IV 
X 

4722 

5552 
3596 
3511 
3397 

5742 
5298 
4122 

4803 
4798 
4308 

CADMIUM 

In  the  visible  spectrum,  the  ascendancy  of  X  5378  both  at  the 
pole  and  in  the  middle  of  the  arc  is  readily  recognized  for  very  low 
currents.  The  development  of  a  few  lines  is  shown  in  Figure  2. 
Note  the  relative  position  of  XX  5378,  5086,  and  6438,  Stage  I,  II, 
III  lines  respectively.  It  might  appear  that  these  lines  could  be 
extrapolated  to  a  common  origin.  The  difficulty  is  that  the  lines 
suddenly  go  out  at  about  the  positions  shown  in  the  graph.  The 
stages  are  not  separated  as  far  as  in  most  substances,  but  X  5086 
is  a  decidedly  bright  line  when  X  6438  begins  to  show  intermittently 
as  a  faint  line.  The  line  X  5154  has  a  common  origin  wdth  X  6438, 
although  it  takes  a  different  slope  after  its  inception. 

The  real  aspirants  for  Stage  I  lie  in  the  ultra-violet  at  X  3261, 
Type  iS—  ip2,  and  at  X  2289,  Type  iS—  iP.  The  former  was  easily 
realized,  but  along  with  it  came  an  unknown  line,  which  at  first 
was  supposed  to  be  a  line  given  by  Morse, ^  found  with  the  Wehnelt 

^  Astropkysical  Journal,  21,  223,  1905. 
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interrupter  at  X3776.  A  spectrogram,  with  iron  as  comparison, 
with  the  Rowland  grating,  showed  it  to  be  nearly  a  duplicate  of 
the  iron  line  X  3779.4.  Hence  the  natural  assumption  that  this  line 
had  been  discarded  from  cadmium  as  an  impurity  due  to  iron.  But 
a  spectrogram  of  iron,  at  the  low  currents  at  which  the  line  may 
be  realized,  showed  that  all  lines  of  iron  between  the  limits  of  X  3000 
and  X  6000  may  be  banished  from  the  middle  of  the  arc.     As  the 

TABLE  III 


Amperes  at 


Pole 


+  Pole 


Condensed 

Spark 
Intensity 


Stage 


TVPE 


5154- 
6438. 
4662. 

3500- 
3252. 
4413- 
45"- 
6333- 

25- 

4307- 
6116. 

12 . 
6099. 
4614. 
5607. 

04. 
5598. 
5298. 
5637- 
5784. 


.04 

.065 

■ip 

.  \2 

■14 
.  12 
.16 
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k 

■2>S 


).ig 
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■30 
■35 


•35 
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•  8^ 


d 

450 
300 
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III 
III 
III 
IV 
IV 
IV 
IV 

I\^ 
\' 
\' 
\' 

V 
V 

\' 


300 

2,2, 


1P-3S 
iP-iD 
1P-2D 
1P2-1D 

Ipi—2S 


iP-id 
iP-45 


15  —  4^2 
"-4/'3 


^s  —  SPi 
1S-SP2 

T^S-SPi 


a,  the  substance  is  passing  to  the  molten  state. 

d,  surrounding  field  disturbs  visibility. 

k,  not  separated  from  the  adjacent  line. 

m,  requires  five  times  the  exposure  of  X  3500  at  o.r  ampere. 

p,  lower  current  not  studied. 

current  increases,  this  new  line  disappears.  This  behavior  suggests 
Type  i5—  ip2  in  calcium,  strontium,  and  magnesium.  But  the  line 
X  3261  has  good  claims  to  represent  this  t>pe.  The  line  conforms 
to  the  requirements  of  Stage  I  and  for  the  present  must  be  included 
in  the  cadmium  list. 

Table  III  gives  some  observations  pertaining  to  Stages  III  and 
IV.  In  so  far  as  the  types  of  the  lines  were  known,  they  are  also 
included. 
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There  seems  to  be  some  doubt  concerning  the  arc  line  X  5378.6. 
Kayser  gives  it  as  an  arc  Hne,  and  X  5379.6  as  a  spark  Kne.  Stein- 
hausen  (see  Kayser's  tables)  gives  the  latter  as  an  enhanced  line. 
This  might  imply  that  there  was  only  one  line.  Watts's  table  gives 
only  a  spark  line.  It  seems  to  the  writer  that  there  are  two  lines. 
Now  in  the  spark  X  5379  is  a  brilliant  companion  of  X  5339,  which 
occurs  in  the  spark  only.  It  was  thought  worth  while  to  investigate 
these  lines  and  the  relations  existing  in  the  spark,  although  it  might 
be  said  to  transcend  the  scope  of  studies  of  the  open  arc  light. 
Some  of  the  observations  upon  spark  lines  are  recorded  in  Table 
III.  They  represent  well-known  arc  lines  but  they  were  not 
\dsible  below  i  ampere.  The  spark  produced  by  the  induction 
coil  was  giving  a  spectrum  more  like  the  arc  spectrum  of  Kayser's 

TABLE  IV 


Middle  Arc 

Spark 

X 

0.14  Ampere 

0.25  Ampere 

No  Capacity 

Capacity  and 
Self-induction 

5378-6 

5379-6 

5339 

5086 

500 
0 
0 

U5 

800 

0 

0 

3000 

0 

3-5 

10 

100 

0 
3100 
2600 
1950 

tables  than  the  spark  spectrum  therein  recorded.  It  reduced  the 
intensity  of  the  leading  line  X  5086  to  one-fourteenth  of  its  value  at 
the  negative  pole  at  0.25  ampere  and  at  the  same  time  brought  out 
subsequent  lines  of  the  same  series  which  could  not  be  observed 
below  I  ampere  with  the  direct-current  arc.  The  principal  point 
which  the  writer  wishes  to  emphasize  is  the  disappearance  of  the 
line  X  5378  in  the  spark.  This  is  shown  in  Table  IV,  which  is  a 
composite  of  observations  of  arc  and  spark  upon  four  lines,  or  upon 
three  lines  if  there  be  someone  to  insist  that  the  first  two  are  only 
one  line.  If  there  are  two  lines,  X  5378  is  extinguished  upon  passing 
to  the  spark.  If  there  be  but  one  line,  it  suffers  a  practical  extinc- 
tion upon  passing  to  the  spark  with  no  capacity  and  then  a  renewal 
by  adding  self-induction.  This  seems  less  plausible  than  the 
two-line  assumption. 
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Table  V  shows  the  Knes  assembled  in  stages.  Stage  VI  repre- 
sents a  departure  in  that  spark  lines  are  assigned  to  it.  How  late 
these  lines  occur  in  the  development  is  not  known. 

TABLE  V 


Stage  I 

Stage  II 

Stage  III 

Stag 

elV 

Stage  V 

Stage  VI 

X 

X 

X 

X 

X 

X 

X 

5378 

5086 

5154 

3252 

6116 

5784 

5379 

3779 

4800 

6438 

(^333 

112 

5637 

5339 

3261 

4678 

4662 

6325 

099 

5298 

Manv 

3611 

3500 

45" 

5607 

4614 

others 

3466 

4413 

604 

3299 

598 

ZINC 

The  resonance  line  X  3076,  Type  iS—ip2,  was  the  first  line 
investigated.  No  really  satisfactory  results  were  obtained,  as  the 
air  lines  are  just  in  the  way.  WTiat  was  called  X  3076  was  a  line 
which  grew  more  rapidly  than  the  adjacent  lines.  The  line  of 
Stage  II  at  X  48 1 1  on  graph  and  leading  line  of  the  principal  series 
of  triplets  behaves  at  the  negative  pole  exactly  like  a  line  of  Stage  I. 
At  the  positive  pole  it  has  the  characteristics  of  a  line  of  Stage  II. 
The  d  triplet  in  the  ultra-violet  also  belongs  to  Stage  II.  The 
current  steps  make  Stages  II  and  III  necessary. 

Figure  4  shows  the  development  of  X  48 11 ,  Stage  II,  Type 
IS— nip,  and  of  X  6563,  Stage  III,  Type  iD—niS.  There  is  a  rich 
list  of  lines  in  Stage  III;  generally  there  is  a  rich  Stage  II  list. 

The  lines  are  assembled  in  Table  \T  according  to  stages. 


TABLE  \T 


Stage  I 
X 

Stage  11 
X                                     X 

Stage  III 
X 

Stage  IV 
X 

3076 

481 1 
4722 
4680 

3345 
3303 
3282 

65630 

(3072)6                           4924 
30366                            4912 
3018 

Lines  XX  4924  and  4912  are  true  spark  lines.  They  are  brighter 
in  the  spark  spectrum  wdth  the  small  inductor  than  the  triplets 
of  Stage  II.     Stage  IV  only  represents  here  the  next  stage  as 
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observed.  The  lines  are  doubtless  of  the  same  origin  as  Stage  VI 
in  cadmium.  Table  V.  In  the  spark  X4811  receives  the  same 
setback  as  X  5086  in  cadmium. 

AIR   AND    ITS    COMPOUNDS 

The  spectra  of  air  are  more  or  less  disturbing  with  all  substances, 
as  has  already  been  noted  in  Part  I.  The  purpose  is  now  to  specify 
the  air  spectra  more  definitely.  These  spectra  show  best  with 
copper  electrodes,  and  they  are  most  easily  followed  in  the  glow  arc.^ 
As  shown  in  Part  I,  there  is  first  a  low  continuous  spectrum  in  the 
middle  of  the  arc  and  at  the  poles.  There  are  two  well-defined 
lines  at  XX  3064,  3068,  which  have  not  been  traced  to  any  definite 
metal,  and  which,  on  account  of  their  persistence,  are  assigned  to 
air.  They  should  be  looked  for  in  gas  free  from  oxygen  and 
nitrogen.  These  lines  are  overlapped  by  a  fluting  system  and  do 
not  seem  to  be  connected  with  the  doublet,  but  may  be  connected 
with  a  fluting  system  which  has  a  distinct  head  at  X  3805.  If  this 
is  true  the  whole  fluting  system  is  probably  connected  with  the 
second  positive  nitrogen  spectrum.  Certainly  the  latter  is  easily 
identified  in  the  visible  spectrum  and  is  present  at  both  electrodes 
just  outside  and  never  inside  the  polar  illumination.  It  therefore 
has  a  low  excitation.  The  oxides  of  the  metals  have  very  rich  and 
strong  spectra.  For  the  metals  these  spectra  rigidly  pertain  to 
radiation  coming  from  the  surfaces  of  the  electrode.  (Magnesium 
and  aluminum  are  exceptions.)  When  the  poles  become  definitely 
established  upon  passing  from  the  glow  to  the  true  arc,^  these  oxide 
spectra  disappear  from  the  part  of  the  electrode  adjacent  to  the 
polar  illumination,  but  they  still  persist  outside  of  this  limit. 
Hence  it  is  apparent  that  the  new  ionization  products  at  the  instant 
of  the  pole  "flare"  are  formed  at  the  expense  of  the  oxides.  These 
ionization  products  which  are  first  produced  in  the  "flare "  certainly 
represent  the  first  well-defined  ionization  lines.  They  occur  at  low 
current  and  the  potential  required  for  the  excitation  is  not  high.^ 
The  flutings,  therefore,  correspond  to  a  lower  excitation. 

'  Simon  and  Malcomb,  Physikalischc  Zeitsciirift,  8,  471,  1908. 

^Ionization  potential  of  cadmium  8.92  volts.  Tate  and  Foote,  Bulletin  of  the 
Bureau  of  Standards,  14,  485. 
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Since  the  principal  series  doublet  lines  XX  3274,  3247  may  be 
photographed  outside  the  visible  limits  of  the  arc  and  at  very  low 
currents,  and  since  the  ratio  of  intensity  at  pole  to  middle  differs 
but  little  from  unity,  these  lines  may  be  taken  as  typical  lines  of 
Stage  I.  Three  other  lines  have  been  placed  in  this  stage:  XX  5106, 
5782,  and  5700.  It  did  not  appear  that  they  could  be  placed  in 
Stage  II,  but  the  analysis  may  be  at  fault.  Consider  the  five 
upper  lines  in  Figure  5.  This  figure  represents  a  study  of  the 
positive  pole  with  an  arc  operated  upon  a  750-volt  circuit.  For 
a  one-centimeter  arc  the  current  will  go  out  between  0.25  ampere 
and  0.3  ampere.  When  attempting  to  operate  upon  a  higher 
potential  the  arc  shifts  from  the  glow  to  the  true  arc  form  and 
makes  quantitative  readings  practically  impossible.  From  this 
curve  one  can  readily  see  that  X  5106  may  exist  after  X  5218  has 
disappeared.  But  one  could  not  approximate  the  course  of  X  5782 
and  X  5700  from  the  figure.  Hence  it  was  necessary  to  get  some 
evidence  from  the  glow  discharge  and  from  the  flare  when  the  glow 
goes  over  into  the  true  arc  form.  In  the  glow,  line  X  5106  is  still 
very  distinct  in  the  absence  of  the  "</"  doublet  XX  5218,  5153. 
Some  of  the  time  X  5106  was  seen  to  the  exclusion  of  X  5782  and 
much  of  the  time  to  the  exclusion  of  X  5  700.  But  the  latter  lines  are 
inherently  weaker  than  X  5106.  Generally  they  were  traceable,  too, 
when  the  "^''  doublet  was  absent.  But  more  importance  was 
attached  to  the  behavior  when  the  "flare"  occurred.  It  has  been 
repeatedly  suggested  that  this  flare  indicates  the  appearance  of  an 
essentially  ionization  stage.  Now  in  this  flare  there  is  an  outburst 
of  the  doublet,  XX  5218,  5153  and  its  companion  doublet  XX  4063, 
4023.  There  can  be  no  mistakes  in  assigning  these  two  doublets 
to  Stage  II.  Then  if  there  is  an  error  in  the  other  three  green  lines 
it  probably  lies  in  the  assignment  of  the  pair  of  XX  5782,  5700  to 
Stage  I,  instead  of  Stage  II.  The  type  of  this  pair  of  lines  is 
unknown.  Line  X  5782  has  the  Zeeman  pattern'  corresponding  to 
the  shorter  wave  in  the  "d''  doublet  and  X  5700  the  same  pattern 
as  the  longer  wave  of  the  doublet.  Such  a  pair  of  lines  in  Stage  I 
is  certainly  unprecedented. 

■  Runge  and  Vn^i:hen,  Aslrophysical  Journal,  i6,  ii,i,  1902. 
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Line  X  4631  is  a  representative  of  the  sharp  series  (see  Fig.  5). 
At  an  intensity  of  about  ten  or  a  little  greater,  X  4651  and  X  4531 
have  the  habit  of  becoming  -very  intermittent.  They  seem  to  insist 
upon  shining  distinctly  or  not  at  all.  When  these  lines  are  in  that 
intermittent  state  the  "d''  doublets  are  brilliant  and  extending  far 
toward  the  middle  of  the  arc.  Hence  it  appeared  that  these  two 
lines  could  not  be  traced  to  the  same  limits  as  X  5218.  They  are 
accordingly  placed  in  Stage  III.  The  position  of  X  4510  (see  Fig.  5) 
is  typical  of  the  eleven  lines  in  Stage  IV. 

The  photographic  density  of  X  4651  was  taken  by  King  as  a 
standard  of  reference.'     It  is  strictly  a  short  line  for  small  currents. 


TABLE  VII 


Stage  I 

Stage  H 

Stage  III 

Stage  IV 

X 

King 

X 

King 

X 

King 

X 

King 

3247 
3274 
5106 

II 

II 

II 

III 

III 

5218 

5153 
4063 

4023 

II 
II 
II 

Til 

4531 
4481 

4651 

III 
III 
III 

5732 
5646 
5408 
5392 
5360 
5355 
5293 
5017 
4705 
4587 
4510 

III 

5783 
^700 

III 
II 
II 

Hence  for  short  lengths  of  arc  King's  exposure  may  be  regarded  as 
exposures  on  the  pole.  Furthermore,  it  appears  that  the  intensity 
of  the  line  grows  very  uniformly  with  the  current.  But  when  the 
density  of  this  line  is  chosen  as  a  unit  of  reference,  the  line  X  5218 
should  at  first  increase  and  then  later  decrease  over  threefold 
before  2  amperes  is  reached.  This  is  shown  in  Figure  5  by  the 
curve  of  the  ratio  X  5218  divided  by  X4651.  In  general,  King's 
method  of  study  is  adequate  when  there  is  a  progressive  change  in 
the  rate  of  development  of  the  lines.  It  ought  to  succeed  very  well 
with  such  cases  as  are  given  in  Table  IV  under  cadmium,  par- 
ticularly in  the  ultra-violet. 

'  Aslropltysiral  Journal,  20,  21,  igo4.. 
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The  lines  are  assembled  in  stages  in  Table  VII.  There  were  a 
number  of  other  lines  observed  between  i  and  2  amperes  but 
observations  were  very  indefinite.  King's  Groups  II  and  III 
behave  differently  under  self-induction.  They  are  shown  in  Table 
VII  and  are  distributed  indiscriminately  through  the  successive 
stages  of  excitation. 

DISCUSSION 

The  discussion  will  be  taken  up  under  the  following  topics: 
"Preliminary  Statement,"  "Thermionic  Processes,"  "Reson- 
ance and  Ionization,"  "Spectral  Types,"  "Lowest  Excitations," 
" Excitations  of  Molecules  and  Compounds,"  "The  Second  Stage 
in  Excitation, "  "Subsequent  Stages  in  Excitation."  "Line  Limits," 
"The  Spark  Discharge  and  Excitation  Limits,"  "The  Rate  at 
Which  Lines  Develop,"  "Enhancement  in  the  Arc  and  Spark  Dis- 
charge," "Solar  Enhancement." 

Preliminary  statement. — The  basis  of  this  discussion  is  a  few  well- 
established  facts  in  gaseous  conduction  and  in  the  emission  of  elec- 
tricity from  hot  bodies.  There  is  need  to  mention  two  simple 
equations : 

(i)  ^mif^eV    and     (2)  eV  =  hv. 

Equation  i  asserts  the  equi\'alence  of  the  kinetic  energy  of  an 
impact  and  the  electrical  energization,  i.e.,  excitation,  arising 
therefrom.  Equation  2  states  that  the  potential  V,  in  an  elec- 
trical energization,  is  directly  proportional  to  the  frequency  of 
a  luminous  vibration,  when  the  energy  of  electrical  excitation 
disappears  as  radiation.  Equation  i  represents  an  excitation  and 
equation  2  represents  a  recovery  after  excitation  has  ceased.  If 
one  recognizes  these  two  conditions  as  parts  of  a  reversible  process 
it  should  lead  to  no  confusion  if  the  radiation  is  spoken  of  as  an 
excitation. 

Thermionic  processes. — The  emission  of  electricity  from  hot 
bodies  has  had  an  extensive  investigation  in  the  last  score  of  years. ^ 
It  is  natural  to  designate  these  processes  as  thermionic.     This 

'  The  Emission  of  Electricity  from  Hot  Bodies,  b}'  O.  W.  Richardson,  F.R.S., 
published  by  Longmans,  Green  &  Co.,  gives  a  most  lucid  treatment  of  the  subject 
and  contains  a  very  complete  reference  list  .to  the  literature. 
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implies  a  mechanical  process,  for  the  kinetic  nature  of  heat  is 
always  taken  for  granted.  Some  subtleties  have  arisen  concerning 
the  nature  of  excitation  during  the  process  of  chemical  action. 
In  so  far  as  the  present  paper  is  concerned  it  need  only  be  stated 
that  chemical  changes  are  accompanied  by  thermal  changes; 
and  any  thermal  loss  by  radiation  may  be  accompanied  by  either 
line,  band,  or  continuous  spectrum  radiation.  Simon^  and  his 
students  have  developed  the  thermionic  conception  of  the  arc  very 
carefully  and  have  been  able  to  explain  a  great  many  features  in 
both  the  direct-  and  in  the  alternate-current  arc.  The  arc  must 
produce  enough  energ>^  at  the  electrodes  both  to  free  the  surface 
electrons  and  material  from  the  adjacent  matter  and  to  impart  a 
motion  to  the  electrons  and  ions.  After  this  condition  is  attained 
the  electrons  and  ions  are  subjected  to  an  accelerating  force  or  fall 
of  potential  across  the  arc.  Since  the  fall  is  practically  constant 
there  is  a  uniform  equality  between  the  accelerating  force  and  the 
retarding  force  of  the  medium.  Just  off  the  electrode  surface  the 
electrons  are  subjected  to  the  accelerating  force  of  the  medium  fall 
and  at  the  same  time  are  in  motion  due  to  a  velocity  arising  from 
repulsion  from  the  electrodes.  This  action  and  the  radiation  from 
the  adjacent  electrode  surface  produce  greater  heat  in  the  immedi- 
ate neighborhood  of  the  electrode  than  in  the  middle  of  the  arc. 
This  in  turn  permits  greater  freedom  of  motion,  greater  acceleration, 
and  greater  velocity  of  electrons  and  ions.  This  results  in  greater 
excitation  and  a  richer  spectrum  in  the  pole  illumination  just  off 
the  electrode  surface  than  is  found  in  the  middle  of  the  arc. 

Resonance  and  ionization. — Numerous  recent  experiments  upon 
the  emission  of  electrons  from  hot  bodies  have  shown  that  there  are 
two  stages  in  the  electrical  excitations  at  low  potentials.^  The 
potential  for  the  latter  is  considerably  larger  than  for  the  former 
stage.  When  the  spectral  emission  is  examined  it  is  found  that 
the  lower  excitations  correspond  to  the  fundamental  line  of  some 

'  Fliysjkaliscfie  Zeitschrift,  8,  471,  1907.  Also  his  references  and  subsequent 
contributions  in  the  same  journal. 

^  A  grasp  of  the  resonance  and  ionization  concepts  may  be  obtained  from  the 
following  contributions:  Tate,  Physical  Review,  7,  686,  1916;  ibid.,  lo,  81,  1917; 
Tate  and  Foote,  Bureau  of  Standards,  14,  479,  1918.  For  magnitudes  of  resonance 
and  ionization  potentials,  see  Foote  and  Mohler,  Philosophical  Magazine,  37,  46,  1919- 
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definite  series  of  lines,  while  the  latter  corresponds  to  the  last  line 
or  limit  of  the  series.  Hj^othetically  the  theory  has  been  advanced 
that  the  ionization  releases  the  whole  series  of  lines  and  all  related 
series.  Evidently  from  equation  2  all  these  lines  cannot  be  repre- 
sented by  eV.  In  fact,  none  of  the  lines  could  be  represented  by 
this  product  except  the  final  line  of  the  series,  which  has  never  been 
observed. 

Spectral  types. — The  Bohr'  treatment  of  spectral  series  is  very 
easy  to  visualize,  although  it  does  not  afford  as  accurate  a  formula 
for  the  determination  of  the  spectral  lines  as  the  theory  of  Ritz.^* 
According  to  the  Bohr  theory  the  sequence  arises  because  there 
exists  a  sequence  of  ring  positions  about  a  central  ionic  nucleus  in 
which  an  electron  may  vibrate  and  be  in  a  state  of  unstable  equi- 
librium. The  return  of  an  electron  from  an  outer  to  an  inner  ring 
produces  radiation.  The  electron  may  then  be  free  to  return  to 
another  more  stable  ring  position  nearer  the  nucleus  and  emit 
another  radiation.  Each  radiation  represents  a  potential  fall 
according  to  formula  2.  When  the  electron  has  returned  to  its 
stable  condition  the  sum  of  all  the  potential  "falls"  is  equal  to  the 
ionization  potential.  If  the  return  to  the  stable  condition  may  take 
place  in  an  entirely  promiscuous  fashion,  it  is  possible  to  realize 
a  very'  rich  spectrum  from  an  ionization.  Bohr  pointed  out,  in  his 
first  contribution  upon  this  subject,^  that  the  outer  extension  of 
the  ring  system  would  be  interfered  with  by  the  material  in  the 
gaseous  medium.  He  computed  the  number  of  rings,  or  the 
equivalent  number  of  spectral  lines  which  could  be  realized  in  the 
Balmer  series  for  hydrogen  at  different  pressures.  To  realize  more 
lines  one  needed  to  have  a  more  attenuated  gas  and  greater  \'olume 
excitation  for  increased  intensity.  In  any  finite  medium  an 
electron  cannot  expend  all  the  energy  of  its  excitation  upon  a  single 
return.  It  must  impart  a  portion  of  its  energy  to  the  surrounding 
medium,  and  the  returns  to  the  stable  ring  positions  will  be  mostly 

'  Philosophical  Magazine,  26,  i,  19 13. 

'  Annalcn  der  Physik,  12,  264,  1903.  In  the  Ritz  theoty  the  lines  may  be  expressed 
b}'  /  (w,  A,  a),  f  {n,  B,  b)  (see  types  throughout  the  experiments),  where  m  and  n 
represent  a  sequence  of  numbers  and  each  value  of  m  and  fi  determine  a  term.  The 
function  signs,/,  a,  and  b  are  usually  suppressed  for  brevity  in  notation. 

3  Ibid.,  12,  9,  1903. 
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made  up  of  returns  from  rings  nearest  the  stable  position.  Hence 
the  first  lines  of  the  series  are  invariably  the  strongest.  It  ought 
to  be  possible,  therefore,  to  realize  more  lines  of  a  series  from  the 
emission  of  hot  bodies  in  a  vacuum  than  from  an  arc  operating  at 
atmospheric  pressure.     To  this  point  we  shall  later  return. 

Low  and  high  excitatiojts. —High,  excitations  belong  with  high 
velocity  electrons,  like  those  required  to  produce  the  X-rays.  The 
term  may  be  used  relatively.  It  is  known  that  an  excitation  lower 
than  resonance  may  be  secured.  The  fall  from  one  ring  position  to 
another  represents  a  loss  of  potential  energy  and  has  an  excitation 
equivalent.  One  may  designate  these  conditions  and  the  accom- 
panying spectral  lines  ad  libitum,  as  produced  by  lower  and  higher 
velocities,  lower  and  higher  currents,  lower  and  higher  potentials, 
or  lower  and  higher  excitations,  according  to  which  of  these  features 
one  wishes  to  emphasize. 

Lowest  excitations. — From  the  progressive  appearance  of  the 
first  spectral  lines  in  the  polar  illumination,  then  in  the  middle  of 
the  arc,  and  then  upon  the  outer  mantle  of  the  arc  to  the  exclusion 
of  other  lines;  then  from  the  great  displacement  of  these  lines  when 
the  magnet  acts  upon  the  arc;  and  lastly  from  the  analogy  of 
these  Hnes  to  proven  resonance  lines,  it  is  concluded  that  these  lines 
appear  at  the  very  lowest  potential  which  will  excite  spectral  lines. 
If  there  has  been  no  error  in  the  observations,  all  lines  in  Stage  I 
represent  the  lowest  line  excitation. 

Excitations  of  molecules  and  compounds. — It  is  now  proper  to 
state  that  when  the  current  is  reduced  to  the  last  limit  of  line 
excitation  there  is  still  present  a  weak  continuous  spectrum, 
narrow  bands  are  often  decidedly  conspicuous,  and  fluting  spectra 
at  the  poles  are  often  observed.  If  one  considers  the  total  radia- 
tion, these  features  are  more  important  than  the  initial  lines.  Clearly 
the  energy  expended  in  the  lines  is  only  a  small  portion  of  the  total 
radiation;  and,  indeed,  the  line  radiation  would  be  an  entirely 
insignificant  portion  if  all  the  energ}^  which  goes  into  heat  were 
considered.  From  the  discussion  of  the  preceding  topic  it  appears 
that  these  radiations  must  all  be  classed  as  low  excitations. 

The  second  stage  in  excitation. — ^As  the  current  increases  new 
lines  appear  in  the  polar  illumination.     Sometimes  this  increase 
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in  current  occurs  in  a  discontinuous  manner;  the  sudden  outburst 
or  "flare"  in  the  illumination  arises.  In  this  "flare"  there  is  a 
new  list  of  lines.  Such  an  outburst  in  the  current  points  either  to  a 
first  or  to  another  ionization  of  the  electrode  material.  When 
these  experiments  were  nearing  completion  the  writer  checked  up 
Stage  II  lines  with  the  appearance  of  lines  which  came  out  in  the 
"flare."  In  ever\'  case  of  "flare,"  Stage  II  lines  and  the  "flare" 
lines  were  identical.  Consequently  with  some  degree  of  confidence 
one  may  designate  Stage  II  lines  as  the  beginning  of  ionization  in 
the  arc.  Before  a  "flare"  takes  place  there  is  often  observed  a 
series  of  flutings  coming  from  the  face  of  the  electrodes.  This  is 
particularly  noticeable  with  copper.  Just  as  soon  as  the  "flare" 
occurs,  the  flutings  cease  at  the  electrode  base  adjoining  the  "flare." 
When  a  carefully  cleaned  copper  surface  is  used  as  an  electrode, 
the  discharge  is  very  migrator)^-  until  some  oxidation  ensues.  The 
flutings  come  from  this  product.  When  the  "flare"  ensues, 
flutings  no  longer  come  from  the  adjacent  electrode  base;  but  if  the 
arc  is  stopped  it  will  be  found  that  this  very  electrode  base  is 
the  portion  most  thickly  covered  with  the  oxide.  It  was  clear  that 
the  oxide  was  forming  pre\dous  to  the  "flare,"  and  one  may  safely 
say  that  the  flutings  resulted  from  this  combination.  Thermioni- 
caUy  considered,  such  a  chemical  process  takes  place  with  loss  of  heat 
which  has  partly  disappeared  as  radiation,  and  which  according  to 
equation  2  is  accompanied  by  a  readjustment  of  the  electrons. 
It  is  also  apparent  that  these  flutings  belong  with  the  low  excitations 
which  precede  the  "flare."  In  the  "flare"  stage  the  electrons 
emitted  from  the  electrode  base  arise  to  a  potential  value  greater 
than  that  represented  in  the  fluting  combination,  and  there  is  now 
a  profuse  outpouring  of  electrons  from  this  identical  oxide.  It 
would  appear  that  this  process  would  either  stop  the  formation  of 
the  oxide  at  the  base  of  the  "flare"  or  reverse  the  process  and 
decompose  it.  The  latter  effect  certainly  does  not  take  place.  The 
amount  of  oxide  has  at  least  remained  as  large  as  it  was  before  the 
"flare"  and  it  seemed  that  it  had  quite  possibly  increased.  In  the 
latter  case  is  it  possible  for  the  oxygen  ions  from  the  air  to  combine 
with  the  copper  without  producing  the  flutings  ?  It  becomes  not  only 
a  subtlety  of  chemical  action  but  also  of  ionization  energy  which  is 
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not  answered  here.  The  compounds  of  the  chloride  salts  in  Part  I 
in  a  few  cases  were  found  not  to  withstand  an  excitation  as  great  as 
that  required  for  Stage  II  lines.  They  broke  up  in  the  polar 
illumination  and  recombined  in  the  middle  of  the  arc  where  the 
excitation  was  lower.  Hence  the  spectrum  of  these  products  also 
belongs  to  the  lowest  excitation.  On  the  other  hand,  accepting 
the  molecular  identification  of  certain  band  lines  by  other  spectro- 
scopists  as  correct,  it  appeared  that  some  radiations  which  belonged 
to  the  molecules  of  the  elements  did  not  diminish  in  the  polar 
illumination  but  that  they  progressed  in  their  development  very 
similarly  to  other  lines  and,  more  particularly,  similarly  to  the 
development  of  Stage  II  lines.  This  makes  it  clear  that  the 
elements  in  molecular  combination  represent  a  stronger  energy 
bond  than  the  chloride  compounds. 

Subsequent  stages  in  the  excitation  of  lines. — As  just  shown,  lines 
of  Stage  II  originate  in  an  ionization.  The  question  arises  whether 
the  subsequent  stages  have  their  origin  in  farther  ionizations. 
That  would  be  the  easiest  but  not  the  only  possible  explanation. 
There  is  no  "flare"  accompanying  them  as  in  the  case  of  lines  of 
Stage  II.  The  electrical  examination  of  high-potential  arcs  has  not 
been  carried  to  the  low  currents  of  the  third-stage  lines,  and 
in  some  cases  not  as  far  as  the  fourth-stage  lines.  It  was  this 
fact  which  led  to  the  investigation  by  Mr.  V.  L.  Chrisler  in  the 
following  contribution.'  There  is  another  reason  which  may  be 
assigned  for  the  appearance  of  these  subsequent  stages  in  the  arc. 
Under  the  topic  ''Thermionic  Processes"  the  change  in  the  degree 
of  freedom  in  motion  with  temperature  has  been  noted.  Under 
"Spectral  T}^pes"  the  restriction  of  the  outer  rings  has  been  men- 
tioned. As  the  current  in  the  arc  increases  there  is  an  increase  in 
temperature,  and,  by  reason  of  the  expansion,  a  greater  degree  of 
freedom  between  the  molecules,  and  greater  possibility  of  accelera- 
tion between  the  molecules,  and  a  greater  impact  energy  in  the 
moving  electrons.  Increasing  the  current,  then,  would  bring 
about  ultimately  another  ionization  if  such  an  ionization  is  possible. 
But  before  reaching  such  a  stage,  the  excess  in  potential  over  that 
required  to  produce  the  earlier  ionization  goes  into  other  forms  of 
energy-,  and  principally  or  entirely  heat  energy.     Now  this  heated 

'Page  273  of  this  number. 
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or  expanded  medium  wall  make  it  possible  to  realize  a  greater 
number  of  the  external  electronic  rings  (see  the  discussion  upon 
"Spectral  Types")  about  the  ionic  nucleus.  Since  it  is  these  ring 
positions  which  determine  the  lines,  the  lines  may  be  used  to  define 
them,  and  the  current  which  causes  the  inception  of  the  lines  may 
be  used  to  determine  the  stage  at  which  these  lines  begin.  Now 
the  spectral  t}'pes  and  the  corresponding  ring  positions  about  the 
nucleus  may  be  represented  graphically  by  using  the  sequence 
values  of  the  terms  as  computed  from  the  Ritz  equation.  This 
method  is  followed  for  some  of  the  lines  in  cadmium  in  Figure  3. 
The  position  of  the  nucleus  is  shown  at  "O"  in  this  figure.  The 
cologarithms  of  the  values  of  the  terms  are  then  plotted  from  this 
point  as  origin.  The  positions  of  the  lines  then  represent  tangents 
to  the  rings  whose  centers  are  at  "O."  (The  meaning  of  the  letters 
is  given  with  the  types  in  the  text.)  The  arrows  represent  the  stages 
and  ring  limits  for  the  hues  in  the  stage.  Stage  V  represents  lines 
obtained  in  the  spark.  It  is  therefore  not  a  continuity  with  the 
previous  arc  stages.  If  the  restraint  of  the  medium  determines 
the  outer  ring  limit  it  might  seem  that  there  should  be  a  stage 
to  mark  each  successive  outer  ring  Kmit.  It  is  doubtful  if  the 
measurements  are  capable  of  adequate  refinement  to  test  this 
possibility.  But  as  one  looks  at  the  figure  and  notes  the  slight 
outward  extension  of  the  rings  between  Stage  III  and  Stage  IV, 
the  existence  of  intermediate  stages  seems  rather  improbable.  In 
fact  the  inquiry  would  be  rather,  "How  is  it  possible  to  distinguish 
such  slight  difference  in  ring  limits  as  that  represented  between 
Stage  III  and  Stage  IV?"  The  answer  is  in  the  current  value 
required  to  cause  an  inception  of  the  stage.  In  passing  from  Stage 
II  to  Stage  III  and  thence  to  Stage  IV  the  inception  current  is 
nearl}^  trebled  in  each  case.  The  stage  limits  seemed  to  be  deter- 
mined by  a  group  of  related  rings  rather  than  by  each  successive 
ring.  The  infra-red  and  ultra- ^^olet  possibilities  in  the  ring  system 
did  not  come  under  observation,  and  this  interferes  somewhat  with 
the  realization  of  some  possible  stages,  if  they  are  defined  in  terms 
of  ring  limits. 

Line  limits. — The  outermost  ring  which  can  be  realized  for  a 
given  current  is  designated  the  "excitation  limit"  for  that  current. 
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According  to  the  Bohr  ring  theory  (see  discussion  of  "Spectral 
Types")  the  return  of  an  electron  from  an  outer  to  the  innermost 
ring  position  may  take  place  in  any  number  of  accidental  steps. 
Such  a  condition  would  make  all  steps  equally  probable,  and  there- 
fore all  possible  lines  equally  probable.  This  is  not  strictly  the 
case.  Some  types  of  lines,  whose  rings  are  intermediate,  practically 
fail.  It  seems  as  if  there  is  a  possibility  that  the  return  of  an 
electron  to  an  intermediate  position  is  not  entirely  a  matter  of 
chance  but  that  there  are  conditions  which  predetermine  the  stop- 
ping place  of  the  electron  before  it  starts  upon  its  journey  from  one 
ring  to  another.  This  question  has  been  kept  constantly  in  mind 
during  the  experiments.  The  effort  was  made  to  see  if  there  was 
any  evidence  of  definite  selection  in  the  formation  of  lines  in  the 
different  stages.  Nothing  very  conclusive  was  observed;  but  there 
was  a  little  evidence  bearing  upon  the  question,  as  will  be  seen  from 
the  following  analysis. 

As  the  current  increases,  the  new  stage  lines  begin  in  the  core 
of  the  polar  illumination.  The  earlier  lines  are  pushed  outward 
and  toward  the  middle  of  the  arc.  Now  one  may  examine  the  old 
lines  in  a  position  which  collimates  with  the  new  ones  or  in  the  outer 
mantle  just  outside  of  the  position  of  the  new  lines.  It  is  then  seen 
that  the  old  lines  are  ilicreasing  at  a  relatively  slow  rate  in  the 
central  position  but  at  a  comparatively  rapid  rate  outside.  This 
is  particularly  true  with  reference  to  the  growth  of  Stage  I  lines. 
The  new  slope  for  these  lines  when  the  new  Imes  appear  is  shown 
in  the  figures.  Now  those  figures  represent  the  central  growth, 
and  it  is  apparent  that  when  new  stages  begin  part  of  the  earlier 
radiations  go  to  the  radiation  in  the  new  stages.  Now  if  the 
intensity  determinations  were  accurate  enough  to  justify  the 
process,  one  could  reduce  the  intensity  in  the  collimating  position 
by  the  intensity  in  the  outer  mantle  and  leave  an  intensity  equal 
to  that  which  arises  from  the  excitation  of  these  lines  in  the  core  of 
the  illumination.  This  rather  hazardous  process  would  in  some 
cases  leave  an  unimportant  development  for  some  of  the  earlier 
stage  lines  in  the  core  where  the  later  stages  are  appearing.  Rever- 
sals show  that  one  is  not  warranted  in  completely  removing  the 
earlier  stage  lines  from  the  core  excitation.     Now  the  inner  core  is 
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a  position  of  high  temperature  and  highest  ionic  velocities.  If  we 
assume  that  Maxwell's  law  of  distribution  holds,  the  average 
velocity  will  be  increasing  with  the  current,  and  the  lower  velocities 
will  be  progressively  less  important.  There  will  be  an  ''effective'' 
velocity  in  the  direction  in  which  the  current  flows.  The  slow- 
moving  ions  will  have  the  same  amount  of  "  effective ''  energy  as  the 
rapid-moving  electrons.  Now  a  moving  electron  might  come  into 
the  range  of  an  ion  that  had  a  velocity  which  represents  a  kinetic 
energy  equivalent  to  a  fall  from  some  inner  ring  position  to  the 
stable  position.  In  this  condition  the  electron  might  not  be  able 
to  return  to  a  ring  position  inside  of  the  one  which  represents  the 
kinetic  energv'  of  the  ion  with  which  it  combines.  Furthermore,  if 
an  electron  may  make  an  incomplete  return,  it  may  be  driven  off 
again  (re-ionized)  from  the  recovered  position.  If  this  may  be  true, 
then  also  the  ion  may  be  subjected  to  a  force  sufficient  to  prevent 
a  complete  return.  Goldstein  was  able  to  suppress  the  series 
lines  of  the  alkalies  and  to  bring  out  other  groups  of  lines  alone  by 
passing  a  high  potential  discharge  through  a  constricted  space. 
There  was  here  a  relatively  large  density  of  electrons  and  low  density 
of  atoms.  The  conditions  are  somewhat  similar  within  the  small 
space  of  the  core  illumination,  where  also  the  number  of  ions  which 
could  have  a  low  velocity  might  be  very  insignificant.  Hence  it 
might  be  that  there  is  a  "restraint"  in  the  ionic  system  which 
determines  the  degree  of  the  recover}'  of  an  electron.  If  one  desig- 
nates the  outer  limit  of  line  production  in  the  series  of  lines  as  the 
"excitation  limit,"  it  might  be  possible  to  designate  the  inner  ring 
to  which  the  electron  returns  as  the  "restraining  limit."  An 
"excitation  limit"  and  a  "restraining  limit"  would  fix  definitely 
the  limits  of  radiation  before  the  radiation  ensues.  The  evidence 
for  the  former  limit  in  the  pressure  exerted  by  the  medium  is  fairly 
definite.  The  attempts  to  follow  the  latter  have  been  rather 
illusive.  The  Sommerfeld'  quantum  theory  of  spectral  radiation 
is  expressed  in  terms  of  two  limiting  conditions,  which  are  caUed 
the  azimuthal  and  radial  quantum  conditions  respectively.     Lines 

'  W.  Kossel  and  A.  Sommerield,  Bcrichte  der  Deiitsdien  Physikalischen  Gesellschaft, 
21,  240,  1919. 


STAGES  OF  EXCITATION  IN  ARC  SPECTRA  265 

are  produced  by  a  diminution  of  the  radial  term  by  any  number  of 
quantum  units  and  by  a  change  in  the  azimuthal  value  by— i,  o, 
or  I  units.  As  the  writer  interprets  this  paper,  the  physical 
conditions  which  determine  the  azimuthal  term  is  the  state  of 
ionization.  If  one  were  to  apply  this  to  Stages  II,  III,  IV  of  these 
experiments  it  would  seem  that  the  arrow  files  for  those  stages  in 
Figure  3  ought  in  all  cases  to  extend  to  the  term  p2,  wherein  it  would 
appear  that  ionization  takes  place  from  particles  which  are  first 
thrown  into  a  stage  of  resonance,  and  that  they  return  to  the  limits 
of  the  resonance  stage  before  recovery  from  ionization.  An 
ionization  from  the  p  ring  is  accompanied  by  a  loss  of  two  electrons 
for  bivalent  atoms,  as  is  shown  by  two  methods  of  analysis.  The 
series  beginning  with  the  ring  position  iS  are  supposed  to  be  due 
to  the  loss  of  one  electron.  The  difficulty  here  is  that  i5—  ip2  and 
iS—  iP  represent  resonance,  and  the  subsequent  members  of  the 
same  series  represented  by  iS—mp2  and  iS—mP  are  ionization  lines. 
Two  ionization  potentials  have  not  been  observed  for  these  sub- 
stances. One  can  escape  the  dilemma  by  supposing  that  there  is 
only  one  ionization,  the  one  which  carries  oE  two  electons  for  biva- 
lent atoms,  and  that  the  recovery  takes  place  by  single  electrons. 
The  first  recovery  would  take  place  from  exterior  rings  to  the  azi- 
muthal position  p2,  and  the  second  to  the  position  i5.  It  will 
require  much  further  analysis  to  see  whether  the  above-suggested 
"restraining  limits  "  can  be  best  expressed  in  terms  of  the  degree  of 
ionization  present  at  the  time  the  radiation  ensues.^ 

Tlie  spark  discharge  and  excitation  limits. — -The  presumption  is 
usually  made  that  the  spark  discharge  first  ruptures  the  gaseous 
medium,  producing  thereby  the  air  spectrum;  and  second,  that 
this  discharge  is  followed  by  a  discharge  of  ions  and  electrons  from 
the  electrodes  along  the  rarified,  highly  heated  path.^  Herein  the 
displacements  occur  at  a  higher  velocity  than  in  the  arc  and  also 
in  a  rarified  medium.  Further,  the  spark  discharge  is  both  alternat- 
ing and  intermittent.     Hence,  if  there  were  forces  built  up  within 

'  J.  Stark  and  students  have  zealously  maintained  that  successive  ionizations  are 
present  in  spectra.     For  literature  see  Annalen  dcr  Physik,  64,  376,  1921. 

^A.  Schuster  and  G.  Hemsalech,  Philosophical  Transactions  (A),  139,  189,  1899. 
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the  atom  by  the  electric  action  to  produce  the  foregoing  internal 
restraining  limits  they  would  not  be  sustained  in  the  spark  except 
for  the  ver}'  briefest  interval  of  time. 

The  rarified  medium  would  permit  of  wider  limits  for  the  outer 
rings,  and  as  a  result  there  would  be  a  larger  possibility  of  lines. 
When,  in  the  restricted  conditions  of  the  arc,  a  great  amount  of 
energy  is  going  into  one  ty^e  of  radiation,  upon  passing  into  the 
spark,  the  energy-  in  the  expanded,  higher  excited  medium  may  pass 
to  the  other  tj-pes  or  farther  outlying  rings  in  the  same  t^'pe  of 
lines.  This  action  is  shown  conclusively  by  the  intensities  in  the 
composite  table,  Table  VIII.  The  first  two  lines  in  each  substance 
are  the  first  and  fifth  lines  of  a  definite  series  type,  and  the  remaining 
two  lines  are  found  only  in  the  spark  discharge. 

TABLE  VIII 


1                 Cadmium 

X 

Zinc 

X              "                    1 

0.25  Ampere          gp^^^ 

0.25  Ampere 
Arc 

Spark 

50866 27000a              1950 

5604c 1               0                   300 

5339<^ 1             0              2600 

48106 
53  IOC 
49i2(/ 

25000 

15 
0 

2800 

450 

3300 

a,  extrapolated  from  0.22  amperes;   b,  Type  ipi  —  is:  c,  is  —  ^p2;  d,  leading  spark  lines. 

The  leading  series  line  X  5086  in  the  spark  of  cadmium  is  only 
one-fourteenth  as  bright  as  the  same  line  at  0.25  ampere  in  the 
negative  polar  illumination  of  the  arc.  The  fifth  member,  line  c, 
Table  VIII,  of  the  same  series  was  not  observed  in  cadmium,  and 
was  only  just  beginning  in  zinc,  where  it  had  but  one-sixteen- 
hundredth  of  the  intensity  of  its  leading  member.  In  the  spark 
each  of  these  two  lines  has  an  intensity  nearly  equal  to  one-sixth 
of  their  respective  leading  fines.  It  would  require  an  extended 
investigation  to  show  how  much  of  this  change  has  been  brought 
about  by  each  of  the  factors,  expansion  of  the  medium  and  velocity 
of  impact. 

The  rate  at  which  lines  develop  in  intensity. — ^Lines  have  a 
minimum  value  at  which  they  first  become  visible.  This  current  is 
called  their  inception  value.  After  their  inception,  lines  progres- 
sively increase  in  intensity  in  very  different  ways.     In  Figure  2  the 
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straight  lines  i,  2,  3,  4  represent  developments  proportional  to  the 
first,  second,  third,  and  fourth  power  respectively  of  the  current. 
The  curves,  for  a  few  lines,  might  be  characterized  as  having  two 
rates  of  development,  with  a  progressive  change  through  a  short 
range  from  one  rate  to  another.  These  lines  are  generally  limited 
to  Stage  I.  The  leading  line  of  the  zinc  triplets  seems  to  be  an 
important  exception.  There  are  a  number  of  lines  which  show 
nearly  a  uniform  growth  in  intensity  after  their  inception.  Many 
lines  develop  most  rapidly  just  after  their  inception.  In  the 
graphs  the  total  current  is  plotted  against  intensity.  It  might 
appear  that  the  effective  current  is  the  amount  added  to  the  current 
after  the  inception  of  the  lines.  If  this  were  true,  the  abscissae  in 
the  graphs  should  have  been  represented  by  log  (i—io)  instead  of 
by  log/,  where  i  is  the  observed  current  and  4  the  inception 
current.  Two  broken  lines  in  Figure  2  were  plotted,  using  log  (i—io) 
as  abscissae.  The  curves  to  which  they  are  tangent  are  the 
original  curves.  If  all  curves  were  plotted  upon  this  plan  there 
would  be  greater  variation  shown  than  when  plotted  against  total 
current  as  abscissae.  Some  of  the  lines  would  even  begin  slowly 
and  then  for  greater  currents  increase  more  rapidly.  In  the  visible 
spectrum,  the  effect  upon  the  eye  is  that  of  a  sudden  beginning  of 
the  lines,  the  variation  consisting  of  an  intermittent  radiation. 
For  this  reason  the  graphs  with  logarithms  of  total  current  are 
given  greater  credence. 

Enhancement  in  the  arc  and  spark  discharge. — The  term  "en- 
hancement" covers  the  relative  increase  of  a  line  or  lines  with 
respect  to  another  line  or  lines  when  the  conditions  under  which 
the  lines  are  produced  change. 

Fowler'  distinguishes  three  classes  of  enhancement,  viz.,  (i) 
enhanced  lines  like  the  H  and  K  lines  of  calcium,  which  are 
well  developed  in  the  ordinary  arc;  (2)  lines  which  only  appear 
with  small  intensities  in  the  arc,  such  as  the  enhanced  lines  of  iron; 
(3)  lines  which  do  not  appear  in  the  ordinary  arc  (except  very 
locally  at  the  poles)  but  are  strongly  developed  under  spark  con- 
ditions— as  in  the  well-known  magnesium  line  at  X  4481. 

I  Fowler,  Phil.  Trans.  214,  259,  1914. 
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Fowler  designates  the  p,  s,  and  d  lines  of  the  bivalent  elements 
herein  discussed  as  enhanced.  He  includes  also  the  narrow  doublets 
of  the  same  type,  which  certainly  did  not  come  out  below  Stage  V. 
He  lists  also  the/  type  and  combination  lines  of  the  narrow  doublets, 
all  of  which  arise  at  excitation  beyond  the  limits  of  present  experi- 
ments. Fowler  states  that  these  lines  are  enhanced  wdth  respect  to 
a  few  t\T3es  of  lines  which  he  selects  from  the  arc  list  of  lines,  and 
designates  these  as  arc  lines.  These  are  the  D  and  5  singlets  and 
the  d  and  5  triplets.  It  is  not  clear  how  many  lines  of  these  four 
series  are  used  for  comparison.  From  the  observations  here  dis- 
cussed, it  appears  that  iS—ip.,  the  first  member  of  the  .?  series, 
comes  in  Stage  I  while  the  next  member  is  decidedly  of  the  ioniza- 
tion tj-pe;  it  appears  in  Stage  II  or  later  and  is  therefore  enhanced 
with  respect  to  the  earlier  stage.  In  Stage  I  there  are  never  more 
than  a  few  lines  and  often  only  one,  or  a  doublet  pair  of  lines.  They 
are  always  the  first  members  of  some  definite  t^'pe  of  series  and  never 
the  whole  series.  The  latter  members  of  the  series  to  which  the 
Stage  I  lines  belong  show  enhancement  just  as  distinctly  as  members 
of  other  series.  Particular  attention  was  directed  to  this  feature  in 
barium,  where  the  Stage  I  line  X  5536  was  separated  from  the  lead- 
ing member  of  the  p  series  with  difficulty.  The  type  of  this  line  is 
rS—  iP.  The  next  member  of  the  series  is  found  at  X  3072.  There 
are  troublesome  air  bands  in  this  region  when  the  smaU  quartz 
spectrograph  is  used.  But  if  this  line  belonged  to  the  class  of 
lines  which  are  not  enhanced  according  to  Fowler,  one  ought  to 
have  reahzed  it  with  the  Rowland  grating  for  weak  currents.  In 
fact  it  w^as  not  as  easily  realized  either  at  the  pole  or  in  the  middle 
of  the  arc  as  the  pi  doublet  pair.  Evidently  it  is  not  "vibrating 
system,"  i.e.,  t}'pe,  which  determines  enhancement.  If  one  com- 
pares the  later  stages  ^^^th  Stage  I,  and  if  one  accepts  the  reasonable 
conclusion  that  Stage  I  corresponds  closely  to  a  resonance  condition, 
the  conclusion  would  be  that  enhancement  arises  from  an  ionization. 
Mr.  yiegh  Nad  Saha'  makes  the  statement,  ''^Modern  theories  of 
atomic  structure  and  radiation  leave  Httle  doubt  that  the  'enhanced 
lines'  are  due  to  the  ionized  atom  of  the  element. "  He  then  proceeds 
to  compare  H  and  K,  two  ionization  lines,  with  g,  the  resonance  line 

^  Philosophical  Magazine,  Oct.  1920. 
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of  calcium.  This  freedom  would  sweep  almost  the  complete 
spectrum  of  substances  into  the  enhanced  class.  Different  ioniza- 
tions, i.e.,  the  removal  of  a  different  number  of  electrons  from 
the  atom,  have  been  evoked  to  explain  enhancement.  That  the 
removal  of  more  than  one  electron  is  necessary  to  explain  the  p  and 
d  series  for  bivalent  elements  was  shown  first  by  Lorenser.'  He 
found  the  universal  constant,  X,  in  the  Ritz  equation,  four  times 
too  small.  This  change  is  brought  about  in  the  Bohr  equation  by 
changing  from  the  univalent  condition,  e^,  to  the  bivalent  condition 
{2ey,  where  e  is  the  charge  of  an  electron.  Now  the  determination 
of  ionization  potentials  does  not  decide  how  many  electrons  are 
emitted;  but  more  than  one  ionization  potential  would  clearly 
point  to  different  ionizations  unless  the  potential  values  are  mul- 
tiples. This  has  not  been  realized.^  To  say  that  one  electron  and 
then  the  other  is  removed  at  one  and  the  same  ionization  potential 
is  purely  a  gratuitous  assumption.  The  possiblity  of  successive 
ionizations  in  the  arc  as  a  cause  of  lines  appearing  in  stages,  was 
pointed  out  to  Mr.  V.  L.  Chrisler  by  the  writer,  and  ]Mr.  Chrisler 
proceeded  to  study  the  very  low-current  arcs  particularly  in  refer- 
ence to  this  point.  In  the  following  paper  ]Mr.  Chrisler  shows  that 
stages  in  ionization  have  not  been  realized  within  the  limits  of  these 
experiments.  Hence  enhancement  as  a  result  of  ionization  is  an 
incomplete  explanation.^ 

Fowler  does  not  define  his  Class  (2)  lines  definitely  enough  for 
comparison.  As  the  current  increases,  a  rich  list  of  Stage  II 
lines  appear.''  One  cannot  prophecy  how  far  the  comparison 
of  the  weaker  later  lines  wdth  the  second-stage  lines  can  be 
carried.  But  the  point  which  should  be  emphasized  here  is  that 
such  a  comparison  would  be  of  one  ionization  line  with  another, 
and  of  lines  enhanced,  as  some  of  the  foregoing  writers  have  indi- 
cated,  due  to  ionization.     Upon   the  basis  of  inception  stages, 

»  Reference  by  Kossel  and  Sommerfeld,  Berichte  dcr  Deulchscn  Physikalischen 
Gesellschaft,  21,  252,  1919.  These  authors  show  the  bivalency  of  the  p  series 
from  the  term  difference  2p2~  2pi. 

^  Tate  and  Foote,  loc.  cil.,  and  many  subsequent  experiments. 

3  See  the  closing  remarks  upon  "line  limits,"  p.  265. 

^October  1921.     Many  iron  lines  of  Fowler's  Class  (2)  appear  in  Stage  II. 
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all  later  stages  are,  of  course,  enhanced  with  reference  to  earlier 
stages.  But  stages  may  or  may  not  be  due  to  successive  ionizations. 
So  far  as  the  writer  can  see  Fowler's  Classes  (i)  and  (2)  are  repre- 
sentatives of  one  kind  of  enhancement.  Fowler's  Class  (3)  repre- 
sents lines  either  nearly  or  completely  absent  in  the  arc.  These  lines 
are  generally  attributed  to  high  velocity,  high  potential  excitations, 
which  ionize  an  inner  ring  of  electrons.  In  this  class  are  Fowler's 
magnesium  lines  X  4481,  p  narrow  doublet,  and  possibly  the  whole 
p  narrow  doublet  series  as  well.  The  writer  has  seen  only  the 
member  X  4481  in  the  spark.  It  had  the  same  dominance  in  the 
spark  spectrum  of  magnesium  that  the  cadmium  lines  X  5579  and 
X  5539,  and  the  zinc  lines  XX  4924,  4912  have  in  the  spark  spectrum 
of  these  elements.  (See  Table  VIII,  and  pp.  264-266  and  reasons 
there  given  for  considering  both  expansion  and  higher  excitation 
to  be  active  causes  of  the  enhancement.) 

Solar  enhancement. — -One  may  consider  an  excitation  to  arise 
(i)  from  low- velocity  impacts  of  the  magnitude  which  is  usually 
seen  in  the  arc;  (2)  from  the  high  velocity  impacts  which  appear 
in  the  spark  and  vacuum  discharges  and  wliich  correspond  to 
removal  of  internal  electrons;  (3)  from  a  thermionic  ionization. 
There  can  be  no  doubt  about  (i),  and  very  little  doubt  about  the 
analysis  of  (3).  That  there  are  high  velocity  electrons  in  solar 
disturbances  is  made  evident  by  Hale's  experiments  upon  the 
Zeeman  effect  in  solar  vortices.  One  would  confidently  expect 
high  velocities  and  intense  ionizations  w^herever  they  may  occur, 
to  bring  out  such  lines  as  cadmium  XX  5579,  5539,  zinc  XX  4924, 
4912,  and  magnesium  X4481.  The  conspicuous  enhancements  in 
the  sun  are  not  these  high  ionization  lines,  but  the  prominent  lines 
of  the  Stage  II  group  which  appear  at  the  earliest  ionization. 

Let  us  take  the  most  conspicuous  solar  enhancement,  known  as 
the  calcium  pair  XX  3968,  3933,  p  series  leading  lines,  which  are 
enhanced  with  respect  to  the  line  X  4227,  5  series  leading  line,  as  one 
advances  to  higher  levels  in  the  solar  atmosphere.  Now  X  4227  is 
the  resonance  line  of  calcium,  and  the  change  in  the  arc  with 
increasing  current  conforms  to  the  conception  of  an  ionization 
arising  at  the  expense  of  the  neutral  atomic  excitation.  As  one 
passes  to  the  solar  conditions,  one  must  recognize  that  the  thermal 
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rather  than  the  electrical  action  causes  the  thermionic  process. 
Recently  Mr.  IVIegh  Nad  Saha'  has  made  some  ver}-  excellent  and 
opportune  computations  upon  the  degree  of  dissociation  of  calcium, 
strontium,  and  barium  for  different  pressures  and  temperatures, 
and  has  applied  the  results  to  hypothetical  temperatures  and 
pressures  for  different  levels  in  the  chromosphere.  The  treatment 
substantially  follows  the  method  of  Eggert,^  who  discusses  ther- 
mionic dissociation  in  fixed  stars.  The  postulate  is  made  of  a 
reaction  of  the  form 

where  e  is  the  electron  and  U  the  energy  change.  A  resonance 
radiation  is  concerned  with  a  radical  R,  or  wdth  its  atoms,  while  ioni- 
zations are  concerned  with  nuclear  tx-pes  i?+,  R++-  Ionization 
potentials  do  not  determine  the  valency  of  these  nuclear  types,  but 
there  is  spectroscopic  evidence  to  show  that  valency  does  enter  into 
the  radiation,  and  furthermore  it  is  generally  conceded  that  the  radi- 
ation accompanies  return  from  a  nuclear  t^^pe  to  an  antecedent  t}-pe. 
Now  let  us  note  again  the  Eggert-Saha  theor}-.  By  dissociation 
we  arrive  at  a  condition  which  obliterates  R  and  leaves  i^+  in  the 
attenuated  solar  atmosphere.  In  this  process  the  inner  ring,  i5,  is 
wiped  out  and  along  with  it  all  lines  which  converge  to  this  limit. 
The  dissociation  was  computed  from  the  potential  which  gives 
complete  ionization,  and  this  is  a  condition  which  would  obHterate 
all  Hues.  To  get  the  radiation  of  the  p  series  it  is  necessary  to 
allow  the  electrons  to  return  to  the  is  ring,  which  becomes  a  new 
"restraining  limit"  for  the  electrons;  a  position,  which,  according 
to  Sommerfeld,  will  represent  a  new  azimuthal  velocity  but  wath  a 
zero  radial  velocity.  The  process  could  be  better  understood  if 
someone  could  make  it  clear  how  it  is  possible  to  have  the  fixed 
ionization  potential  and  stiU  to  leave  the  electron  in  a  ring  position 
which  is  removed  only  one  step  from  the  normal  ring,  and  in  this 
position  be  ready  to  receive  ionization  impacts  from  moving  elec- 
trons. There  are  some  other  things  which  wall  need  examination. 
If  the  ring  i^"  is  wiped  out,  so  also  are  all  lines  of  the  series.     The 

^Philosophical  Magazine,  July,Oct.,  and  Nov.  1920;  Feb.  1921. 
=  Physikalische  Zeiischrift,  20,  570,  1919.     ■ 
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first  line  appears  in  Stage  I  but  the  subsequent  lines  appear  with 
ionization.  If  complete  dissociation  can  remove  entirely  this  ring, 
then  the  subsequent  lines  ought  to  be  realized  along  with  the  first 
fine,  but  in  the  arc  the  subsequent  lines  are  realized  in  Stage  II. 
In  the  solar  chromosphere  most  of  these  lines  would  be  unfavorably 
located  because  of  the  ultra-violet  absorption  of  our  atmosphere. 
But  the  second  line  of  the  series  for  barium  might  be  investigated. 
It  lies  at  X3072.  In  sodium  the  leading  term  of  the  p  series  is  the 
resonating  type.  According  to  the  dissociation  theory  the  whole 
series  should  vanish  in  the  solar  chromosphere.  If  subsequent 
lines  of  the  series  are  ionization  lines  one  might  expect  to  find 
X  3303  in  the  chromosphere^  just  as  it  is  realized  in  Stage  II. 

Brace  Laboratory 

University  of  Nebraska 

May  192 1 

^  Observations  by  S.  A.  Mitchell  in  1905  begin  just  to  the  red  of  this  position. 
Mr.  Mitchell  informs  the  writer  that  the  plates  used  in  the  flash  spectrum  of  the  1905 
eclipse  were  weak  in  the  ultra-violet  region  X3303.  See  Aslrophysical  Journal,  38, 
407,  1913. 
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PART  I.     THE  ARC  IN  AIR  AT  ATMOSPHERIC  PRESSURE 
By  V.  L,  CHRISLER 

ABSTRACT 

Lo'd'-cnrrenl  arc  in  air. — Potential-current  curves  up  to  0.5  ampere  were  obtained 
for  electrodes  of  various  materials  (C,  Ag,  Cd,  Cu,  Fe,  Sn,  Zn,  and  salts  of  Ba,  Ca,  Cs, 
Na,  and  Sr);  also  the  cathode  and  anode  falls  and  the  gradients  in  the  center  were  meas- 
ured with  the  help  of  probing  platinum  wires.  As  the  current  is  increased  the  glow 
form  of  the  arc  changes  suddenly  to  the  true-arc  form  and  at  the  same  time  the  cathode 
fall  drops  sharply,  in  the  cases  of  Ag,  Cu,  and  Fe  changing  from  214  to  28  volts,  from 
2qo  to  16  volts,  and  from  205  to  24  volts  respectively.  Ag,  Cu,  Fe,  and  Pt  all  gave 
the  glow  discharge  up  to  o.i  ampere.  The  true-arc  form  probably  begins  with  the 
volatilization  of  the  electrode  material  and  the  ionization  of  the  vapor.  The  gradient 
in  the  center  of  the  arc  is  proportional  to  the  length  of  the  arc,  decreases  with  increasing 
current,  and  varies  in  step  with  the  ionization  potential  of  the  metal  vapor  from  the 
electrode. 

Extensive  investigations  have  been  made  of  the  arc,  and  the 
theory  of  its  action  has  been  much  discussed.  Mrs.  Ayrton' 
has  shown  that  the  relation  between  the  current  i  flowing  through 
the  arc  and  the  potential-difference  v  across  the  arc  can  be  expressed 
by  the  equation 

,  =  a-t-f-f(T+^. 

where  a,  jS,  7,  b,  are  constants. 

Child^  has  made  a  study  of  the  arc  at  different  gas  pressures, 
determining  the  anode  and  cathode  fall  and  the  potential  gradient 
through  the  arc.  He  also  pointed  out  that  a  hot  anode  is  not 
necessary  for  an  arc  discharge,  but  it  is  essential  that  the  cathode 
be  hot  if  the  arc  is  maintained. 

J.  Stark^  found  that  at  constant  pressure,  the  potential  fall, 
across  the  arc,  for  a  given  current,  decreases  when  the  density  of 
the  gaseous  medium  increases.  This  he  showed  was  due  to  the 
conservation  of  heat    by    the    heavier    gases,    an    accompanying 

'  The  Electric  Arc. 

^  Physical  Revicd',  19,  117,  1904. 

3  Annalen  der  Physik,  18,  213,  1905. 
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rise  in  temperature,  and  a  greater  free  path  for  the  electron  move- 
ment. He  also  found  that  the  anode  fall  depended  upon  the 
material  and  the  density  of  the  medium  adjacent  to  the  electrode. 
He  found,  further,  that  cooling  the  electrode  raised  the  potential. 

The  thermionic  conception  of  electrode  and  gaseous  action 
has  been  a  subject  of  extensive  and  elaborate  investigation.^ 
H.  Simon^  has  appHed  this  conception  to  the  action  of  the  arc. 
He  states  that,  due  to  the  electrodes  being  hot,  they  are  emitting 
electrons.  At  the  cathode  this  is  in  the  direction  of  the  current 
and  therefore  lowers  the  cathode  fall,  but  at  the  anode  it  is  against 
the  current  and  increases  the  anode  fall.  He  also  considers  that 
the  ionization  in  the  arc  increases  with  increasing  current,  but 
not  in  proportion  to  the  current,  as  the  volume  of  the  arc  also 
increases  and  thus  limits  the  ionization.  His  students  have  made 
extended  studies  confirming  his  theory. 

Simon's  students^  carried  the  study  of  the  arc  to  low  currents 
for  some  electrode  materials.  For  0.5  ampere  and  less,  they  found 
that  there  was  a  negative  crater  formed,  but  no  positive  crater. 
They  also  found  when  the  discharge  passed  from  the  glow  to  the 
arc  form,  that  the  character  of  the  discharge  at  the  anode  remained 
the  same  until  a  greater  current  strength  was  reached.  Simon 
states  for  these  small  currents  that  the  evaporation  from  the  nega- 
tive crater  does  not  suffice  to  ffil  the  whole  arc  with  electrode  gas, 
and  that  the  discharge  from  the  arc  light  is  partly  carried  by  the 
surrounding  gas.  For  larger  currents  ^^^th  metalHc  electrodes  he 
concludes  that  the  discharge  is  very  largely  carried  by  the  metallic 
vapor  or  gases,  and  that  this  metallic  vapor  has  a  vanishingly 
small  resistance. 

The  spectroscopic  experiments  by  B.  E.  Moore"*  reveal  very 
important  changes  at  low  currents  where  the  observations  of  the 
previous  experimenters  were  far  from  complete.     It  was  therefore 

'  Richardson,  The  Emission  of  Electricity  from  Hoi  Bodies. 

'  Physikalische  Zcitsclirift,  8,  471,  1907,  and  subsequent  contributions  in  the 
same  journal. 

3  Malcolm,  Physikalisclie  Zcitschrift,  8,  471,  1907;  Grotrain,  Annalen  der  Physik, 
47.  141,  1915- 

*  Astrophysical  Journal,  54,  191  and  246,  1921. 
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desirable  to  redetermme  some  of  these  low  values.  Since  there 
was  not  a  continuity  of  the  spectroscopic  changes,  it  appeared 
possible  that  some  discontinuities  in  the  electric  action  had  been 
overlooked.  Furthermore,  the  observations  of  Simon's  students 
did  not  cover  all  of  the  substances  which  Moore  had  studied,  or 
many  others  which  Moore  has  not  investigated.  A  priori,  one 
has  no  right  to  say  that  an  untried  substance  will  act  like  other 
substances.  Besides,  even  when  the  form  of  the  equation,  for 
different  substances,  is  the  same,  the  constants  of  the  equation 
have  individual  values. 

Spectroscopically  there  is  a  difference  between  the  portion  of 
the  arc  near  the  pole  and  that  at  the  center,  a  difference  between 
the  central  core  and  the  surrounding  mantle.  These  all  need  to 
be  viewed  in  the  light  of  the  electrical  beha\dor  of  the  arc.  Lastly, 
electrical  action  may  be  of  special  significance  in  the  "pole  effect" 
or  the  shift  of  spectral  lines  at  the  poles. 

In  these  experiments  it  is  necessary  to  call  attention  to  the 
following  features  of  the  electrode  fall.  The  potential  at  the 
electrodes  possesses  two  components,  viz.,  (i)  a  part  of  the  energy 
is  used  to  heat  the  electrodes,  (2)  another  part  is  used  to  impart 
velocity  to  the  ions.  The  electrodes  will  lose  heat  both  by  con- 
duction and  by  evaporation  in  case  vapors  are  given  off.  As  the 
electrodes  heat,  less  energy  will  be  required  for  heating  purposes 
and  more  will  be  available  to  impart  velocity  to  the  electrons  and 
ions.  Ultimately  one  reaches  a  point  by  increasing  the  current 
where  the  discharge  surface  is  heated  sufficiently  to  produce  self- 
ionization.  The  energy  required  in  this  process  might  be  called 
a  "latent  heat"  of  ionization.^  In  this  condition  only  enough 
drop  at  the  electrodes  is  necessary  to  sustain  the  action.  For 
increased  current  the  ionization  surface  thereafter  broadens. 

METHOD   OF   MEASUREMENT 

As  a  source  of  potential  three  looo-volt  generators  were  used 
which  could  be  operated  in  series  or  in  parallel,  depending  upon  the 
potential  and  current  desired.  The  total  potential  across  the 
arc  was  measured  with  a  Weston  voltmeter,   and   the   current 

■  '  The  gas  laws  apply  to  ionization  processes,  Richardson,  op.  cit. 
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through  the  arc  with  a  Weston  ammeter.  The  cathode  and  anode 
falls  were  measured  with  a  Thompson  electrometer.  The  cathode 
and  anode  falls  were  taken  as  the  difference  in  potential  between  the 
electrode  and  a  fine  platinum  wire  inserted  in  the  arc  as  close  to  the 
electrode  as  possible.  The  platinum  ^\'ire  was  coated  almost  to 
the  tip  with  cement. 

RESULTS   AND   DISCUSSION 

It  was  found  very  difficult  to  obtain  accurate  measurements 
for  the  anode  and  cathode  falls,  as  the  small  point  of  light  from 
which  most  of  the  discharge  passed  was  continuously  changing  its 
position,  and  the  values  obtained  for  the  anode  and  cathode  falls 
were  very  much  greater  when  the  platinum  wire  was  outside  this 
point  of  light.  It  was  often  necessary  to  wait  a  considerable  time 
for  this  point  of  light  to  become  stationary  long  enough,  where  the 
probe  wire  was  placed,  to  obtain  a  reading  of  the  electrometer. 
These  values  were  taken  as  the  anode  and  cathode  falls.  In  a  few 
cases  it  was  impossible  to  obtain  any  reading,  as  the  point  of  light 
was  shifting  so  rapidly  that  the  electrometer  needle  did  not  come 
near  enough  to  rest  to  give  any  approximate  indication  of  the 
potential  to  be  determined. 

Electrodes  of  copper,  silver,  zinc,  cadmium,  iron,  and  tin,  as 
well  as  carbon  with  salts  of  sodium,  calcium,  strontium,  barium,  and 
caesium  have  been  used.  The  usual  type  of  curve  showing  varia- 
tion of  potential  fall  across  the  arc,  with  the  current  flowing, 
was  obtained,  Figure  i  being  that  for  copper.  These  results  are 
similar  to  those  of  Simon,  ]Malcomb,  and  others  {op.  cit.).  With 
copper  in  particular,  the  discharge  apparently  takes  place  under 
two  conditions,  one  of  which  has  been  designated  by  Simon  and 
others  as  the  glow  current,  and  the  other  as  the  arc.  From  the 
curves  it  will  be  noticed  that  the  glow  form  requires  nearly  300 
volts  more  potential  than  is  required  in  the  arc  form  for  the 
same  current.  The  discharge  is  very  unstable  through  this  region, 
as  it  tends  to  change  constantly  from  one  form  to  the  other.  The 
glow  current  was  obtained  with  other  metals,  but  not  to  such  a 
marked  degree  as  when  copper  electrodes  were  used. 

An  attempt  was  made  to  apply  the  Ayrton  equation  to  the 
potential-current    curves    for    low    currents,    but    without    much 
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success, 
form 


For  an  arc  of  i  cm  length  this  equation  reduces  to  the 


.+b 


where  a  and  h  are  constants.  It  was  found  that  this  equation 
fitted  the  curves  very  well  in  all  cases  where  the  current  was  over 
0.5  ampere  and  for  some  electrode  materials  for  currents  as  low 
as  0.25  ampere.  For  smaller  currents,  the  curve  de\dates  decidedly 
from  that  of  the  hyperbola  which  the  Ayrton  equation  gives.  An 
attempt  was  made  to  represent  the  data  by  an  empirical  equation. 


Copper  rjectroc/CJ 
Qlow  « 

Arc  e 

Anode /2r//  e 

CoThoc/e  ra//(ii-c)  o 
■•  (g/ow)  tf 


Current  //>  Amperej 

Fig.  I 


Current    /n  Amoeras 
Fig.  2 


but  no  equation  containing  a  few  constants  seemed  to  express 
the  conditions  adequately. 

The  total  energ}^  was  also  plotted.  Figure  2  shows  the  results 
for  copper,  and  from  these  curves  it  is  evident  that  the  energy 
consumed  in  the  glow  current  is  much  greater  than  that  consumed 
in  the  arc  for  the  same  current.  For  larger  currents  the  curve 
approaches  a  straight  line,  as  required  by  the  Ayrton  equation. 
For  smaller  currents,  however,  the  curves  de\aate  decidedly  from 
straight  lines  for  all  of  the  metals  tested  when  the  discharge  was  in 
the  arc  form.  For  the  results  obtained  with  the  other  metals 
which  were  tested  see  Figure  3.  The  results  obtained  with  salts 
on  carbon  are  shown  in  Figure  4. 
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After  obtaining  these  curves,  the  anode  and  cathode  falls  were 
determined  by  the  method  previously  mentioned.  For  the  smaller 
currents  there  was  only  a  point  of  light  at  the  electrodes,  and  the 
anode  or  cathode  fall  was  measured  when  the  wire  was  inside 
this  point  of  light  or  "polar  illumination."     For  larger  currents 
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this  polar  illumination  increases  in  size  and  gradually  extends 
across  the  arc. 

In  the  glow  current  the  point  of  light  at  the  cathode  disappears 
and  in  its  place  is  found  a  diffuse  glow.  Just  beyond  the  latter  is  a 
Crooke's  dark  space.  In  this  case  the  cathode  fall  was  found  to  be 
much  higher.  Table  II  gives  the  cathode  fall  for  copper,  iron, 
and  silver. 
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The  anode  fall  is  the  same  for  either  form  of  discharge.  From 
the  curves  of  Figure  i  it  will  be  seen  that  the  change  in  the  cathode 
fall  for  copper  electrodes  accounts  approximately  for  the  increased 
voltage  required  for  the  glow  current. 

For  the  arc  discharge  the  cathode  fall  is  almost  independent  of 
the  current  strength.  With  some  electrode  materials  it  increases 
slightly  for  smaller  currents.'  The  anode  fall  is  not  constant  and 
always  increases  for  smaller  currents  and  at  about  the  same  rate 
as  the  total  potential.  Figures  5  and  6  show  curves  of  the  anode 
and  cathode  falls  for  the  various  materials  tested  as  electrodes. 
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The  general  form  of  the  curves  are  the  same  as  Grotrain  found  for 
the  materials  which  he  tested. 

A  few  measurements  were  also  made  of  the  potential  fall  along 
the  center  of  the  arc.  This  potential  fall  was  found  to  be  directly 
proportional  to  the  length  of  the  arc,  which  agrees  with  the  results 
obtained  by  Grotrain  and  Child.  This  potential  fall  through  the 
center  of  the  arc  decreases  at  first  very  rapidly  with  increasing 
current.  Stark  states  that  an  increase  in  the  density  of  the  gas 
in  the  arc  decreases  the  fall  of  potential  due  to  the  conservation 
of  heat  by  the  heavier  gases,  and  an  accompanying  rise  in  tempera- 
ture, hence  a  greater  free  path  for  the  electron  movement.     If 

'  Grotrain,  op.  cit. 
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this  statement  is  accepted,  the  amount  of  metallic  vapor  in  the 
arc,  for  very  small  currents,  must  increase  quite  rapidly  as  the 
current  increases  to  account  for  the  decreased  fall  in  potential. 
Another  factor  which  probably  affects  this  potential  fall  is  the 
ease  with  which  this  metallic  vapor  is  ionized.  If  the  potential- 
current  curves  across  the  center  of  the  arc  are  plotted  for  these 
different  metals  and  salts,  it  is  found  that  the  curves  do  not  coincide, 
but  fall  one  below  the  other  (see  Fig.  7).  For  elements  of  which  the 
ionization  potentials  have  been  determined,  the  writer  finds  that 
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in  general  the  relative  position  of  the  curves  is  the  same  as  the 
ionization  potentials,  in  so  far  as  these  ionization  values  are  known. 
Energ}-current  curves  were  also  plotted  fpr  the  center  of  the 
arc.  The  results  are  shown  in  Figure  8.  Simon,  ]\Ialcolm,  and 
others  state  that  the  glow-current  discharge  is  carried  by  air,  and 
that  its  characteristics  are  the  same  for  all  electrode  materials. 
The  total  potential  fall  across  the  center  of  the  arc  when  it  is  in  the 
glow  form  is  the  same  for  silver  and  copper  electrodes,  but  the  anode 
and  cathode  falls  are  both  smaller  when  silver  electrodes  are  used. 
The  cathode  fall  for  silver  is  75  volts  smaller  than  for  copper  elec- 
trodes. This  shows  that  the  energy  consumed  in  the  center  of  the 
glow  arc  is  greater  for  silver  than  for  copper  electrodes.  From  this 
it  is  quite  ex-ident  that  the  air  is  not  an  exclusive  carrier  for  the 
glow  discharge  when  copper  and  silver  electrodes  are  used.     At 
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the  present  time  this  behavior  has  been  investigated  carefully  for 
only  two  substances,  copper  and  silver,  but  it  is  hoped  to  carry 
the  investigation  to  other  electrode  materials. 

As  would  be  expected,  the  energ>'-current  curves  for  the  glow 
arc  have  a  different  slope  from  that  for  the  true-arc  form,  but 
according  to  Simon  there  should  be  but  one  slope  for  the  glow, 
whereas,  as  above  noted,  there  has  been  one  observed  for  copper  and 
another  for  silver.     Whether 
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there  are  one  or  more  slopes 
here,  it  can  be  seen  that  the 
curve  for  each  substance  in 
the  true-arc  form  must  in- 
tersect the  glow  curve. 
Above  the  point  of  inter- 
section the  true  arc  is  stable, 
and  below  the  intersection 
the  glow  is  the  more  stable 
form.  Provisionally,  the 
term  "latent  heat"  has  been 
used.  Just  as  water  may  be 
carried  below  the  freezing- 
point,  so  the  true  arc,  upon 
diminishing  the  current,  may 

be  carried  into  the  region  of  the  glow  discharge.  The  point  of  inter- 
section of  these  curves  conforms  very  closely  co  the  beginning  of 
lines  of  Stage  II  as  found  by  Moore.  The  slope  in  the  true-arc 
form,  then,  is  due  to  the  ease  with  which  the  vapor  passes  from 
the  electrode  into  the  arc  and  also  to  the  ease  with  which  it  is 
ionized.  The  vapors  conserve  the  heat,  and  make  possible  a  greater 
free  path.  At  a  given  current,  also,  the  distances  of  the  curves 
above  the  x  axis  have  a  degree  of  parallelism  to  the  ionization 
potentials  (see  Table  I) .  Zinc  appears  out  of  order  in  this  arrange- 
ment, but  the  zinc  oxidizes  badly  when  the  arc  is  burning  in  air, 
with  the  result  that  the  arc  is  full  of  vapor  of  zinc  oxide  which 
would  undoubtedly  lower  the  potential  fall  in  the  arc. 

One  of  the  most  interesting  questions  that  has  arisen  in  the 
study  of  the  arc  is,  What  are  the  conditions  that  cause  the  glow 
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discharge  instead  of  the  arc  ?  Simon  states  that  the  glow  discharge 
depends  upon  the  oxides  of  the  metal  present  and  upon  the  melting- 
point.  From  the  present  investigation  it  is  quite  evident  that 
the  glow  current  is  independent  of  the  melting-point,  as  a  glow 
current  was  easily  obtained  with  tin  and  lead  which  have  low 
melting-points  but  high  boiling-points.  A  glow  current  was  not 
easily  obtained  with   zinc   and    cadmium.     Zinc   and    cadmium 

TABLE  I 


Electrodes 

Watts 

Ionization 
Potential 

Carbon    

44 
41 
35 
30 
26 

25 
22 
16 

Copper 

Silver        

Cadmium 

Q.O 

Calcium 

6.01 

Zinc 

Q-3 

Strontium 

5-67 
5-13 

Sodium 

have  low  boiling-points  as  well  as  low  melting-points.  Copper, 
iron,  silver,  and  platinum  were  also  tested  as  electrodes  and  all 
gave  the  glow-current  discharge  up  to  one-tenth  of  an  ampere. 
One  of  the  most  important  features  observed  was  the  discontinuity 
in  the  cathode  fall  when  the  discharge  changes  from  the  glow  to  the 
true-arc  form  or  vice  versa.  This  has  been  observed  for  all  cases 
of  change  in  the  form  of  discharge.  Table  II  shows  the  discon- 
tinuity in  the  cathode  fall  for  three  substances,  copper,  iron,  and 
silver.  For  copper  electrodes  the  cathode  fall  in  the  glow  is  eighteen 
times  as  large  as  in  the  arc  discharge. 


TABLE 

II 

Electrodes 

Cathode  Fall  in  Volts 

Arc  Form 

Glow  Form 

Copper 

16 

24 
28 

2QO 

Iron 

205 

Silver 

214 

The  energy  consumed  at  the  cathode  was  much  greater  in  case 
of  the  glow  current,  due  to  the  increased  cathode  fall  (see  Table  II), 
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but  the  discharge  was  spread  over  considerable  area,  so  it  is  prob- 
able that  the  surface  temperature  was  lower  than  it  was  at  the 
point  on  the  negative  pole  to  which  the  discharge  passed  when  it 
took  the  arc  form.  From  the  metals  tested  it  would  seem  that  the 
glow  current  appeared  when  the  cathode  was  not  heated  sufficiently 
to  cause  the  metals  to  be  volatilized  readily,  or  possibly  sprayed 
out  into  the  arc.  Richardson  speaks  of  the  electrons  being 
evaporated  from  a  hot  surface  and  of  their  having  a  latent  heat 
of  evaporation.  From  these  observations  it  would  appear  that 
the  temperature  at  which  the  electrons  evaporate  readily  into  the 
arc  must  be  closely  connected  with  the  boiling-point  of  the  metal. 
After  the  discharge  passes  to  the  arc  form  it  is  generally  considered 
that  the  temperature  at  the  point  of  discharge  remains  about 
constant;  that  is,  an  increase  in  current  simply  increases  the  area 
of  discharge  and  the  greater  evaporation  keeps  the  temperature 
constant.  This  effect  of  evaporation  was  especially  noticed  with 
silver  electrodes.  The  surfaces  were  polished  before  using,  and 
after  using  a  very  short  time  even  with  small  currents  the  cathode 
had  small  pits  0.5  mm  deep;  small  globules  of  silver  also  appeared 
on  the  surface.  After  the  surface  became  pitted  in  this  manner 
it  was  very  difficult  to  get  a  glow  current,  as  the  discharge  would 
seize  on  one  of  the  small  points  and  remain  in  the  arc  form.  As  soon 
as  the  surface  of  the  electrodes  became  oxidized  it  was  also  more 
difficult  to  get  a  glow  discharge.  This  latter  action  agrees  with 
the  results  found  by  Simon. 

When  the  discharge  passed  from  the  glow  to  the  arc  form  there 
was  a  sudden  increase  of  the  current,  indicating  that  there  must  have 
been  a  large  increase  in  the  number  of  electrons  which  were  leav- 
ing the  negative  pole.  This  points  clearly  to  an  ionization  of  the 
electrode  material.  If  there  were  a  previous  ionization  and  evapo- 
ration of  the  electrodes,  then  this  is  the  second  stage  in  the  process. 
Spectroscopically,  Moore  finds  this  discontinuity  accompanied  by 
an  outburst  of  lines  of  Stage  II  (see  previous  contribution).  The 
works  of  Tate,  of  Tate  and  Foote,  and  of  Foote  and  Mohler' 
indicate  that  the  earlier  spectrum  lines  are  due  to  the  resonance, 
and  not  to  the  ionization.     It  would  seem  justifiable,  therefore,  to 

'Bureau  of  Standards,  Scientific  Papers,  Nos.  400  and  403;  Tate  and  Foote, 
Philosophical  Magazine,  36,  64,  191 8. 
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regard  this  discontinuity  in  the  pole  fall  as  the  true  beginning  of 
ionization  of  the  electrode  material. 

A  few  potential  measurements  were  also  made  in  the  outer 
mantle  of  the  arc.  It  was  found  when  the  discharge  was  in  the 
arc  form,  for  very  small  currents,  that  for  points  outside  the 
polar  illumination  near  the  cathode  the  potential  drop,  between 
them  and  the  cathode  was  almost  as  large  as  the  cathode  drop 
for  the  glow-current  discharge.  As  the  current  was  increased, 
this  drop  decreased,  but  was  still  large  compared  to  the  potential 
drop  between  the  cathode  and  the  point  inside  the  polar  illumina- 
tion. At  this  outer  surface  Moore  foimd  the  fluting  spectrum  to 
continue  in  the  arc  form  of  discharge,  and  in  the  outer  mantle 
adjacent  to  the  pole  discharge  he  found  the  nitrogen  excitations. 
This  would  indicate  that  in  the  outer  mantle  of  the  arc  there  was 
practically  none  of  the  electrode  material  which  was  ionized.  It 
must  also  be  a  region  of  small  ionic  velocity  compared  to  the  center 
or  core  of  the  arc. 

Successive  ionizations  have  been  postulated  to  explain  spectral 
lines  of  different  types,  and  very  high  ionizations  to  explain  X-ray 
emissions.  The  first  inference  one  would  naturally  make  in 
reference  to  the  sequence  of  lines  found  by  Moore  is  that  there 
existed  a  sequence  of  ionizations.'  It  has  been  found  that  only  one 
ionization  makes  itself  conspicuous  in  the  arc  at  very  low  currents. 
In  fact,  the  current  is  so  low  in  some,  cases  that  it  was  impossible 
to  realize  its  beginning  point.  This  is  particularly  true  for  the 
alkalies.  Successive  ionizations  might  be  of  less  importance  than 
the  first.  They  would,  therefore,  manifest  themselves  in  a  less 
pronounced  way;  but  it  seemed,  if  such  ionizations  were  present, 
that  they  should  become  manifest  in  a  change  in  the  slope  of  the 
energy  curve.  No  inflection  has  been  found,  however,  although 
careful  attention  was  given  to  this  possibility.  It  is  therefore 
not  safe  to  conclude  that  ionizations  subsequent  to  the  initial 
flare  are  present  within  the  range  of  these  experiments. 

Br.\ce  L.a.bor.\tory  of  Physics 

University  of  Nebraska 
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'  Stark  and  students,  op.  cit. 
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ABSTRACT 

Spectrum  of  RaEm,  XX  jg82  to  7450. — Two  capillary  discharge  tubes  were  filled 
with  0.2  and  i  curie  of  carefully  purified  emanation,  respectively,  and  both  visual 
and  photographic  meastirements  were  made  with  a  4-prism  spectrometer.  The  relative 
intensities  of  the  lines  differed  markedly,  as  a  rule,  from  the  previous  observations  of 
Watson  and  Roj'ds  and  Rutherford ;  many  strong  lines  of  the  1 20  previously  measured 
were  not  found  and  yet  of  the  44  lines  obtained,  9  are  riew  lines.  Changes  of  intensity 
with  duration  of  the  discharge  were  noticed,  some  lines  decreasing,  some  increasing  in 
strength,  while  the  color  of  the  discharge  changed  from  a  bright  glow  to  violet. 
X  5483  and  some  other  littes  flashed  out  on  reversing  the  current  after  a  thirty-minute 
run  and  then  quickly  disappeared. 

Occlusion  of  RaEm  in  discharge  tube. — 'After  a  discharge  had  passed  through  the 
glass  capillar}'  tube  containing  0.2  curie  for  5  hours,  35  per  cent  of  the  emanation  had 
been  occluded,  most  of  it  in  the  platinum  mirror  surrounding  the  cathode.  The  other 
tube  became  quite  hard  after  a  four-hour  run. 

Modification  of  Dii one's  apparatus  for  purifying  RaEm. — The  copper  wire  used  to 
remove  ox\'gen  and  hydrogen  is  spirally  wound  on  a  silica  tube  and  is  heated  indirectly 
by  an  electrically  heated  Pt  wire  passing  through  the  tube,  instead  of  directly  by 
a  current  through  the  Cu  wire.  This  arrangement  requires  less  current  and  less 
attention. 

The  spectrum  of  radium  emanation  has  been  determined  by 
Ramsay  and  Conie;"^  Cameron  and  Ramsay  f  Rutherford  and 
Royds;^  Royds,"*  and  Watson.^  The  observations  of  Ramsay 
and  Collie  were  entirely  visual  and  showed  a  bright  spectrum  which 
rapidly  disappeared  and  was  replaced  by  the  secondary  spectrum 
of  hydrogen.  The  first  photographs  of  the  emanation  spectrum 
were  those  of  Cameron  and  Ramsay,  whose  results  showed  a 
strong  resemblance  to  xenon  ;^  hydrogen  also  made  its  appearance 
in  the  spectrum.  Rutherford  and  Royds  photographed  the  emana- 
tion lines  with  a  single  (glass)  prism  spectrograph,  using  the  emana- 
tion from  130  mg  of  radium.  Hydrogen  hues  were  also  observed, 
but  to  separate  these  from  the  emanation  hues  a  side  tube  attached 
to  the  spectrum  tube  was  immersed  in  liquid  air,  and  at  the  point 
of  condensation  of  the  emanation  its  lines  disappeared,  leaving 

'  Proceedings  of  the  Royal  Society,  A,  73,  470,  1904. 

^  Ibid.,  81,  210,  1908. 

3  Philosophical  Magazine  (6),  16,  313,  1908. 

*Ibid.,  17,  202,  1909. 

5  Proceedings  of  the  Royal  Society,  A,  83,  50,  1910.        ^  Ibid.,  A,  82,  22,  1909. 
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those  due  to  hydrogen.  Royds  repeated  the  work,  using  a  concave 
grating  of  a  dispersive  power,  of  16.8  A  per  millimeter,  and  was 
able  to  photograph  about  thirty-five  of  the  more  intense  lines 
already  obtained  by  Rutherford  and  Royds  with  good  agreement 
and  extended  the  observations  farther  into  the  ultra-violet.  Wat- 
son's investigation  was  undertaken  with  a  view  of  accounting  for 
the  discrepancies  between  former  observations  and  his  own  results; 
he  employed  both  a  prism  spectrograph  and  a  grating.  His 
results  are  in  very  good  agreement  with  those  of  Rutherford  and 
Royds. 

For  the  photographic  work  of  the  present  experiments  a  Brown- 
ing spectrometer  with  a  train  of  four  prisms  and  photographic 
attachment  was  employed,  at  the  University  of  Denver.  The 
results  extended  from  X  3982  to  X  7449,  being  limited  in  the  violet 
end  of  the  spectrum  by  the  opacity  of  the  glass  system.  The 
spectrum  of  helium  was  used  as  a  comparison  standard.  To 
avoid  relative  displacement  of  the  two  spectra  on  the  plate,  a  lens 
was  fixed  in  front  of  the  collimator  slit,  and  the  images  of  the  two 
sources  were  focused  alternately  on  the  slit.  By  means  of  a  small 
shutter,  adjoining  portions  of  the  sHt  could  be  illuminated  sepa- 
rately. The  wave-lengths  of  the  emanation  lines  were  computed  by 
the  aid  of  Hartmann's  dispersion  formula.  The  dispersion  of 
the  instrument  is  13  A  per  millimeter  at  X  4000,  and  136  A  at  X  7000. 
The  total  length  of  the  spectrum  between  these  limits  is  about 
6.8  cm.  All  measurements  of  wave-lengths  were  made  with  a 
Gaertner  comparator  of  200  mm  range  fitted  with  a  screw  of  i  mm 
pitch.  Individual  measurements  of  a  line  as  read  on  the  com- 
parator seldom  differed  by  as  much  as  0.005  ^^'  which  will  give 
an  estimate  of  the  accuracy  of  the  results.  The  wave-lengths 
recorded  in  the  table  were  determined  from  six  photographs,  and 
where  a  line  appeared  on  more  than  one  plate  the  mean  value  is 
recorded.  The  more  intense  lines  were  found  on  each  of  the 
six  photographs.  Two  types  of  dry  plates  were  employed,  the 
Standard  Orthonon  and  the  Wratten  Panchromatic.  In  addition 
to  the  spectrograph,  a  Hilger  constant-deviation  spectrometer  was 
arranged  so  that  visuarobservations  could  be  made  simultaneously 
with  the  photographic. 
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The  method  of  purification  of  the  emanation  was  developed  by 
Lind  and  is  a  modification  of  Duane's  apparatus.  In  addition  to 
the  process  of  purification  as  described  in  the  note/  the  emanation 
was  frozen  down  in  liquid  air  for  removal  of  the  residual  gases  by 
pumping.  After  purification  the  gas  was  collected  in  small  glass 
vacuum  tubes  of  capillary  bore  with  platinum  electrodes  sealed 
in  very  small  bulbs  at  the  ends.  Before  the  hquid  air  was  removed 
from  the  vacuum  tube  in  which  the  emanation  was  condensed, 
the  tube  was  sealed  off  and  the  photographic  exposure  was  then 
started  as  soon  as  the  tube  could  be  adjusted  in  front  of  the  slit 
of  the  spectrograph.  The  photographs  were  obtained  almost 
entirely  from  two  spectrum  tubes.  The  first  of  these  contained 
208  milhcuries  of  emanation.  Two  exposures  of  two  and  three 
hours  duration  respectively  were  secured  from  this  tube.  It  was 
then  broken  into  small  pieces  along  its  length  and  each  piece 
measured  for  occluded  emanation.  The  total  occlusion  in  the 
tube  was  35.1  per  cent,  this  being  the  largest  amount  of  occluded 
gas  measured  in  any  case.  This  occluded  emanation  was  found  to 
be  confined  largely  to  the  platinum  mirror  surrounding  the  negative 
electrode.  The  color  of  the  tube  changed  from  the  characteristic 
bright  glow  at  the  beginning  of  the  exposure  to  a  violet  color  after 
about  one  hour's  excitation.  The  second  vacuum  tube  contained 
approximately  1000  milhcuries  of  radium  emanation.  Four 
photographs  were  secured  from  this  tube  with  almost  continuous 
excitation  for  nearly  four  hours,  when  the  tube  became  quite  hard. 
After  the  conclusion  of  our  photographic  work  with  this  tube, 
unfortunately  it  cracked,  leaving  us  without  exact  measurements 
of  both  occlusion  and  total  quantity  of  emanation.  Small,  fused, 
silica,  electrodeless,  vacuum  tubes  of  capillary  size  were  also  tried. 
They  were  excited  inductively  by  means  of  copper  coverings 
deposited  electrolytically  on  platinum  coatings  on  the  ends  of  the 
tubes.  No  effect  on  the  photographic  plate  could  be  detected 
after  more  than  one  hour's  exposure  with  these  tubes. 

It  was  not  possible  to  photograph  the  entire  spectrum  on  the 
plate  at  one  exposure.  Accordingly  the  plates  were  adjusted  to 
receive  the  violet  and  red  ends  of  the  spectrum  alternately.  The 
greater  portion  of  the  spectrum  appeared  on  each  plate,  leaving 

'  See  note  at  the  end  of  this  article. 
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TABLE  I 


Photographic 
Plate 

Wave- 
length 

Int. 

Watson 

Int. 

Royds 

Int. 

Rutherford 
and  Royds 

Int. 

7449-5 
7269.6 
7054-0 

I 
I 

3 

'i  ■ 

2,  4,  6 

7057 
6749 
6627 
6605 

3 
0 
0 
0 

6562.2! 

I 

-^)  4 

6361 

6309 

6270 

6224 

6204 

6079.3 

5977-4 

5944-9 

I 

5 
0 
2 
0 
0 

3 

2 

6079* 
5976* 

5945* 

0 

I 

I 

5894-4 
5888.6 

4 
6 

5838.8 

5765-2 

5716. I 

5683.0 

5608.4 

5582.60 

5546.6 

0 
I 
6 
0 
0 
8 
0 

5829* 
5765* 
5715-0 

I 

I 

I 

5582.2 

8 

5483* 

5394-4 

3 

5392-4 

0 

5386.3 
5371-5 
5363  0 
5255-0 
5238.0 
5194-9 
5119-5 
5084.66 

2 
2 
2 
I, 
0 
0 

3 
10 

5372* 

0 

5257* 

I 

5120* 
5084-5 

2 

5084.45 

I 

4 

5058* 

5060* 

2 

5045-0 
5038-3 
4991 . 7 
4978.87 

4 

I 

0 

10 

4979.02 

3 

4979.0 
4965.6 

4 

0 

4958.0 
4950.2 
4915-7 
4891-3 

2 
4 
4 
4 

4949.4 
4914.6 

4889.5 
4861.3 

00 

00 

0 

2,4,5 

4860.9! 

I 

4861.55 

10 

4856.4 
4829.4 
4817. 78 
4797-3 
4793-2 

4 
4 
7 
2 
2 

4826* 

4828.46 
4817-33 
4796-73 

I 

5 

I 

4827.8 
4817.2 
4796.7 

I 
4 

I 

♦Visual  observations. 


tH  6563.0,  4S61.5. 
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Photographic 
Plate 

Wave- 
length 

Int. 

Watson 

Int. 

Royds 

Int. 

Rutherford 
and  Royds 

Int. 

4785-8 

4768.77 

4752-4 

4732-2 

4721-8 

4702.33 

4681.01 

0 

7 
I 
I 
5 
5 
9 

4768.16 

5 

4767-9 

3 

4735* 
4721.2 

3 

I,  2,3,4,5,6.. 

4721.70 
4701.88 
4680.92 
4671.58 

2 

3 
10 

I 

4721.5 
4701.7 
4681. I 
4671.8 
4659-3 
4644-7 

5 

2 

4.,  e 

4680.9 

I 

10 

I 

4658.8 
4644.36 

0 
9 

I 

A,  e 

4644 . 0 

2 

4644-29 

4634-13! 

4631.89 

4628.08 

4625.58 

15 
3 
2 
I 

15 

10 

2 

4631-4 

I 

2,4,5 

2 

4625.3 
4617.8 
4609 . 2 
4603 . 7 

2 
I 

9 
I 

4625.66 

10 

4625.9 

8 

I,  2,3,4,5,6.. 
c 

4609 . 70 
4604.58 
4586.2 

7 
9 

I 

4609 . 40 
4604 . 46 

10 
6 

4609 . 9 
4604.7 

7 

4580. 03 t 
4577-77 
4572.66 
4568.24 

3 
8 
0 

2 

I,  2,3,4,5,6.. 
2 

4577-6 
4572-5 
4567-4 

8 

I 
I 

4578.0 

8 

4578.7 

7 

2 

4547-0 

4527-87 

4513-4 

4 
2 

I 

4549-9 

I 



I 

4510.2 
4508.5 

2 
8 

I,  2,3,4,5,6.- 

4508.00 
4503   52 

6 
3 

4508.68 
4503  -  89 

7 
2 

4509-0 
4504.0 

9 
2 

6 

4497-8 
4492.7 
4489 . 8 
4487-8 
4485  -  2 
4482.4 
4473-6 
4470.8 
4467.1 
4463-3 
4459-4 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
7 

I 

I,  6 

I 

I 

I 

I 

I 

I 

I,  2,3,4,5,6-. 

4459-3 
4439  -  6 
4434-4 
4402 . 9 
4392.6 

4383-47 
4371.69 

4349-91 
4335-0 

7 
3 
5 

I 
I 
4 
5 
10 
I 

4460 . 0 
4440 . 6 
4435  -  7 

10 

4439  -  88 
4435  -  25 

I 
3 

2 

I.  2,3,4,5,6.. 

4435-1 

6 

8 

4384-0 
4372.1 
4350.3 

3 
4 

4371-70 
4349.81 

I 
15 

I,  2,3,4,5,6.. 
e 

4349 • 4 
4336-1 

10 
2 

15 

4340.69! 

4 

4340-9 
4308.3 

7 

I,  2,3,4,5,6.. 

4307-9 

9 

4307-57 
4296.7 
4280.5 
4236.4 

10 

I 
I 
0 

10 



*  Visual  observations. 


t  H  4634.20,  45S0.2,  4340.60. 
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TABLE  I — Conlimied 


Photographic 
Plate 

Wave- 
length 

Int. 

Watson 

Int. 

Royds 

Int. 

Rutherford 
and  Royds 

Int. 

4226.7 

I 

4224.2 

4207.4 
4203.27 

4193-1 
4187.97 
4170.08 
4166.48 

4 
0 

10 
2 
4 
3 

10 

4225.8 

2 

4203 . 5 

2 

4203.39 

10 

4203.7 

10 

4188.2 

5 

T.    C 

4166.9 
4165.5 

3 

I 

4166.59 

20 

4166.6 

20 

C 

4160.57 
4114.62 

I 
6 

4114.71 

6 

4114.9 
4102. 2* 

7 
6 

4094.4 
4088.1 
4073-9 
4055-4 
4051. I 

2 
2 

I 
2 

2- 

4088.4 

, 

4055 -7 
4051.1 

4045-4 
4040 . 2 

I 

2 

4 

4039  -  5 
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only  the  extreme  ends  to  be  photographed  alternately.  In  the 
first  column  of  the  table  are  given  the  plates  on  which  each  line 
appears,  numbered  from  i  to  6.  Plates  i  and  2  were  obtained 
from  the  first  spectrum  tube,  and  3,4,5,  and  6  from  the  second  tube. 
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In  the  table  of  wave-lengths  there  have  also  been  recorded,  for 
comparison,  along  with  our  results  the  values  determined  by  Watson 
and  by  Rutherford  and  Royds,  since  the  results  of  these  observers 
are  most  trustworthy.  Wherever  there  is  coincidence  in  the  lines, 
the  results  of  the  present  observations  are  in  excellent  agreement 
with  those  of  the  other  observers;  however,  they  have  recorded 
many  lines  which  do  not  appear  on  our  plates.  For  example,  the 
region  between  X  6361  to  X  4732  contains  a  large  number  of  lines, 
especially  as  recorded  by  Watson,  yet  our  plates  show  only  a  few 
lines  in  this  region  and  none  that  could  be  considered  to  coincide. 
It  is  noteworthy  that  lines  of  such  great  intensity  as  X  5582  and 
X  5084  should  produce  no  trace  on  our  photographs,  nor  were  these 
lines  observed  visually  by  us. 

Among  the  lines  which  we  observed  visually  there  were  several 
which  did  not  appear  on  the  photographic  plates;  two  of  these 
were  broad,  faint  hnes  at  X  5058  and  X  4826  respectively,  and  also  a 
line  of  low  intensity  at  X  4735.  During  the  visual  observations  it 
was  noticed  that  upon  reversal  of  the  current  through  the  induction 
coil  certain  Hnes  would  appear  suddenly  and  then  fade  away  rapidly. 
This  effect  could  be  produced  only  after  operating  the  coil  as 
much  as  30  minutes  in  one  direction  and  then  reversing  the  current. 
The  most  prominent  of  these  was  X  5483,  which  appeared  very 
brightly  at  the  moment  of  reversing  the  current,  but  after  a  few 
minutes  became  invisible.  It  could  not  be  reproduced  by  later 
reversals  of  the  current.  Other  lines  appeared  brightly  at  the 
instant  of  reversal,  but  vanished  before  their  wave-lengths  could 
be  measured. 

Watson  has  called  attention  to  the  differences  observed  in  the 
intensities  of  emanation  hnes;  he  has  also  denoted  the  relative 
degree  of  persistence  of  certain  lines  in  the  spectrum.  The  results 
of  the  present  experiments  have  shown  that  the  Hnes  of  greatest 
intensity  are  the  most  persistent,  and  that  the  intensities  of  these 
strong  Hnes  change  very  little  on  successive  plates  obtained  from 
the  same  tube.  The  group  of  faint  lines  between  X  4463  and 
X  4492  with  one  exception  were  recorded  only  on  the  first  plate  of 
one  tube.  On  the  other  hand,  there  are  a  number  of  Hnes  which  seem 
to  develop  as  the  time  of  excitation  of  the  tube  advances.     For 
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example,  the  line  X  4721.2  has  an  intensity  of  i  on  the  first  plate, 
4  on  the  second  plate,  and  5  on  the  third  plate.  The  hne  X  4625.3 
does  not  appear  in  the  first  exposure  of  either  tube,  but  appears  on 
the  second  and  third  plates  with  increasing  intensity.  The  line 
X  4644.0  also  belongs  to  this  class.  The  lines  X4577,  X  4460,  and 
X  4307,  which  Watson  has  observed  to  be  fugitive  lines,  for  us  are 
quite  persistent. 

The  emanation  for  these  experiments  was  derived  from  a  supply 
of  radium  belonging  to  the  United  States  Bureau  of  Mines'  Ex- 
perimental Station  at  Golden,  Colorado. 

University  of  Denver 
September  1921 

NOTE  ON  THE  MODIFICATION  OF  DUANE'S  APPARATUS   FOR 
PURIFICATION  OF  R.\DIUM  EMANATION 

In  191 5,  Professor  Duane^  published  a  method  for  the  purification  of  radium 
as  collected  from  aqueous  solution,  without  the  use  of  liquid  air.  CoUection 
was  effected  by  mercury  displacement  by  means  of  a  system  of  glass  bulbs 
which  acted  as  an  internal  pump.  In  order  to  remove  oxygen  and  hydrogen 
from  the  gaseous  mixture,  the  gases  were  passed  over  an  electricaUy  heated, 
partially  oxidized  copper  wire.  The  glowing  wire  causes  the  hydrogen  and 
oxygen  to  unite,  and  the  excess  of  hydrogen  is  reduced  by  the  copper  oxide. 
The  water-vapor  formed  is  removed  by  a  side  tube  containing  P2O5.  Thie 
disadvantage  in  using  an  oxidized  copper  wire  as  the  heating  body  is  twofold. 
On  account  of  the  low  resistance  of  copper,  a  rather  high  current,  10  to  15 
amperes,  must  be  used  initially.  As  the  gas  pressure  diminishes,  the  current 
must  be  correspondingly  diminished  in  order  to  avoid  overheating  of  the 
copper  wire. 

The  modification  in  the  furnace  consisted  in  utilizing  a  platinum  wire 
instead  of  copper.  This  has  a  double  advantage  in  the  high  melting-point 
of  platinum,  and  its  high  resistance.  About  5  feet  of  No.  32  wire  was  wound  on 
a  small  rod  of  silica  5  mm  in  diameter  and  15  cm  long.  This  was  then  incased 
in  a  thin  tube  of  transparent  silica  fitting  snugly  over  the  spiral  coil.  It  was 
found  that  sufficient  heat  was  conducted  through  the  quartz  tube  to  raise  an 
cxidized  copper  ribbon,  wrapped  spirally  outside  of  the  quartz  tube,  to  a 
sufficient  temperature  to  cause  hydrogen  to  be  reduced.  By  this  indirect 
heating  of  oxidized  copper  the  temperature  was  controlled  so  that  there  was  no 
danger  of  overheating  the  copper,  and  a  very  low  current,  i  to  3  amperes,  was 
suflicient.  Such  a  furnace  was  satisfactory-  for  a  period  of  nearly  a  year 
without  renewal.  The  copper  had  to  be  reo.xidized  from  time  to  time,  as  in 
the  original  Duane  apparatus. 

^Physical  Review  (2),  s.  311-314,  1915- 


NOTE  ON  COOLING  BY  EXPANSION  IN  SUN-SPOTS^ 

By  HEXRY  XORRIS  RUSSELL^ 

ABSTRACT 

Cooling  by  expansion  in  sun-spots. — Assuming  that  the  low  temperature  of  sun- 
spots  to  be  due  to  the  expansion  of  the  rapidly  rising  gases,  it  is  shown  that  the  base  of 
the  spot  vortex  must  be  a  region  of  ver>'  high  temperature,  probably  over  20,000°, 
and  the  increase  of  volume  on  ascending  must  be  large,  probably  over  30  times.  But 
only  rough  estimates  can  be  made. 

It  is  generally  accepted  that  the  relatively  low  temperatures  of 
sun-spots  are  due  to  the  cooling  of  the  gases  by  expansion  in  the 
upper  part  of  the  vortex.  The  temperature  of  the  spots  is  probably 
2000°  to  2500°  C,  lower  than  that  of  the  photosphere,  so  that  they 
may  be  regarded  as  the  most  powerful  refrigerating  engines  known 
to  science. 

To  estimate  the  degree  of  expansion  which  is  necessary  to 
produce  this  coohng,  consider  a  mass  of  gas  rising  in  the  vortex. 
It  cannot  cool  faster  than  the  rate  given  by  adiabatic  expansion; 
nor,  indeed,  nearly  as  fast,  for  great  quantities  of  heat  are  flowing 
into  it  by  radiation  from  the  hotter  regions  surrounding  the  vortex, 
and,  within  the  gases  of  the  vortex,  processes  of  recombination  of 
electrons  with  ionized  atoms  and  of  formation  of  chemical  com- 
pounds are  at  work  on  a  large  scale,  and  these  liberate  great  quan- 
tities of  heat.  (Formation  of  TiOz,  3000  calories  per  gram  of 
reacting  material;  neutralization  of  singly  ionized  calcium,  3500 
calories  per  gram;  most  neutrahzations  give  off  more  heat.) 

Meanwhile,  the  temperature  of  the  surrounding  solar  gases, 
through  which  the  vortex  column  rises,  must  diminish  upward; 
and  this  temperature  gradient  cannot  be  less  than  that  of  radiative 
equihbrium,  for  otherwise  the  observed  outward  flow  of  heat  from 
the  sun's  interior  could  not  be  maintained. 

In  radiative  equihbrium,  we  have 

ra:Pi/4a:pi/3 

^  Conlrihittions  from  the  Mount  Wilson  Observatory,  No.  217. 
'  Research  Associate  of  the  Mount  \Yilson  Observatory. 
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where  T,  P,  and  p  represent  the  temperature,  pressure,  and  density, 
respectively.     In  adiabatic  expansion: 

7  being  the  ratio  of  specific  heats.  The  effect  of  ionization  in 
altering  the  mean  molecular  weight  of  the  gases  is  here  ignored. 

Suppose  that  the  vortex  starts  at  a  depth  where  the  temperature, 
pressure,  and  density  are  To,  Po,  and  po,  and  rises  to  the  surface 
where,  outside  the  spots,  these  quantities  are  Ti,  Pi,  and  pi.  In 
the  spots,  at  the  visible  surface,  the  temperature  will  have  the  lower 
value  T^.  The  pressure  will  be  about  the  same  as  Pi,  for  it  is 
probable  that  we  look  down  through  about  the  same  amount  of 
matter  per  square  centimeter,  before  being  stopped  by  atmospheric 
scattering,  in  the  spots  and  in  the  photosphere;  and,  of  course,  the 
solar  gravity  is  the  same. 

Hence  : 

P2  =  Pi;      P2  =  ^'pi. 

We  have  then  for  radiative  equiUbrium: 

Tx^/Piy/-* 
To     \Pol     ' 

and  for  adiabatic  equihbrium: 


whence : 


To     VPo 


T^       \Po) 


Tx       \tJ  '      Pi       \TJ    '     Pi       VPi 


Now  in  the  actual  case  T^  is  about  6ooo°,  T2  3500°  to  4000°  C, 
and  T1/T2  1.5  or  more.  The  greatest  possible  value  of  7  is  5/3 
(monatomic  gas).     This  would  give: 

ro  =  2.0  Pi  =12,000°;       Po  =  i6Pi;       po  =  8pi  =  5.3P2. 
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But,  for  reasons  already  stated,  this  must  greatly  underestimate 
the  amount  of  expansion.  If,  as  a  rough  allowance  for  the  effects 
of  radiation  and  recombination  in  the  ascending  vapor,  we  assume 
that,  on  the  average,  7  equals  7/5,  as  for  a  diatomic  gas,  we  would 
find: 

7^0=  17  7^1=  100,000°;     Po  — SOjOooPj;     po  =  5ooopi  =  330opj. 

Assuming  7  =  3/2,  we  have: 

To  =  3. 7  7^1  =  22,000°;     Po  =  igoPj;     po  =  S^Pi=34p2- 

It  is  evident,  therefore,  that  the  base  of  the  spot  vortex  must 
be  in  a  region  of  high  temperature,  and  that  the  increase  of  volume 
in  ascending  must  be  great;  but  no  numerical  estimates  can  be 
made. 

It  may  be  noticed  in  conclusion  that  the  very  existence  of 
coohng  by  expansion  in  sun-spots  shows  that  any  general  vertical 
convection  in  the  outer  layers  of  the  sun  must  either  reach  only  to 
a  depth  which  is  small  compared  with  that  from  which  the  ascend- 
ing spot  vortex  comes,  or  else  be  so  slow  that  the  cooling  by  expansion 
as  the  gases  rise  is  continuously  made  up  by  heating  by  radiation. 
Otherwise  the  temperature  gradient  would  be  so  nearly  adiabatic 
that  no  important  differential  cooling  could  Occur  in  the  spots. 

IMouxT  Wilson  Observatory 

July  27,   IQ2I 
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A  STUDY  OF  THE  ULTRA-VIOLET  END  OF  THE  SOLAR 

SPECTRUM 

By  CHARLES  FABRY  and  H.  BUISSON 

ABSTRACT 

Solar  spectrum  from  X  3150  to  X  2gooA. — To  obtain  photographs  of  this  region  it 
is  necessary  to  eliminate  diffuse  light  of  longer  wave-length.  This  was  done  by  using 
a  double  spectrograph  consisting  of  two  quartz  spectrographs  in  series  arranged  with 
their  dispersion  planes  at  right  angles.  The  intensity  of  the  spectrum  falls  off  very 
rapidly,  being  only  one-millionth  as  great  at  X  2900  as  at  X  3150;  therefore,  to  enable 
the  whole  region  to  be  photographed  at  once  for  measurements  of  absorption,  two 
absorption  screens  made  by  intensifying  photographic  films  with  HgCL  were  used  in 
echelon  to  reduce  the  intensitj^  above  X  2990.  To  obtain  a  photographic  map  with 
uniform  normal  exposure  throughout,  two  plates,  each  covering  half  the  region,  were 
exposed  by  moving  a  shutter  by  hand  at  proper  predetermined  rates  across  each  spec- 
trum (see  Plate  III).     The  wave-lengths  will  be  published  soon. 

Absorption  of  the  atmosphere  for  X  3150  to  X  2900^4. — By  comparing  the  intensities 
of  spectrograms  taken  for  various  zenith  angles,  the  coefficients  for  various  wave- 
lengths were  determined.  The  effect  of  molecular  diffusion  was  corrected  for  by  using 
the  Rayleigh  formula,  and  the  effect  of  haze  was  eliminated  by  assuming  it  independent 
of  wave-length.  A  comparison  with  the  corresponding  coefficients  for  ozone,  previously 
determined  by  the  authors,  shows  remarkable  agreement,  leaving  no  doubt  that  this 
absorption  is  due  to  ozone. 

Ozone  in  the  atmosphere  is  found  to  be  equivalent  to  a  layer  about  3  mm  thick  at 
atmospheric  pressure.  The  daily  values  for  May  and  June,  1920,  vary  irregularly 
from  0.29  to  0.34  cm.  It  would  be  interesting  to  follow  these  variations  through  a 
solar  period.  It  is  shown  that  the  location  of  this  ozone  must  be  in  the  outer  layers  of 
the  atmosphere,  above  40  km,  and  in  explanation  of  its  origin  it  is  suggested  that 
the  ozone  is  produced  by  solar  rays  of  wave-length  shorter  than  X  2000  which  pene- 
trate only  the  outer  layers  and  that  longer  rays  dissociate-  the  ozone  and  prevent  its 
accumulation  beyond  the  amount  for  equilibrium. 

Distribution  of  energy  in  the  solar  spectrum  outside  onr  atmosphere  for  X  3i^^o  to 
X  2goo  A  was  determined  by  correcting  the  observed  intensities  for  the  absorption 
by  the  atmosphere  and  then  reducing  to  units  of  energy  by  the  use  of  a  calibration- 
curve  obtained  by  comparing  the  intensity-curve  of  an  arc  with  the  radiation  from  a 
black  body  at  3750°  Abs.     The  energy-curve  thus  obtained  shows  only  a  gradual  slope 
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toward  the  shorter  wave-lengths.  For  XX  3143,  2997,  2922,  and  2898  the  relative 
energies  for  the  sun  outside  the  earth's  atmosphere  come  out  155,000,  218,000, 145,000, 
and  45,000  respectively,  while  at  the  surface  of  the  earth  when  the  sun  is  at  the 
zenith  the  corresponding  values  are  about  22,400,  1320,  2.2,  and  0.02. 

I.  Introduction. — The  very  rapid  falling  ojff  in  the  intensity  of  the 
solar  spectrum  in  the  ultra-violet  region,  which  is  without  an}'  doubt 
due  to  the  absorption  by  the  earth's  atmosphere,  has  been  attributed 
to  one  of  the  constituents  of  that  atmosphere,  ozone.^  This  seems 
in  fact  to  be  the  only  gas  having  absorptive  properties  which 
would  permit  of  an  explanation  of  the  obser\-ed  phenomena. 
Quantitative  determinations  of  the  intensity  in  this  spectral 
region  are  complete!}'  lacking,  however,  although  they  are  very 
numerous  in  the  ^^sible  and  in  the  infra-red  spectrum.  In  the 
absence  of  such  measures,  the  explanation  of  this  cutting  off  of  the 
spectnmi  as  an  effect  of  ozone  is  a  trifle  h}'pothetical,  and  we  do 
not  know  the  amount  of  that  gas  which  intervenes  between  the 
sun  and  us.  Further,  we  have  no  information  as  to  the  intensity 
of  the  solar  radiations  of  that  short  wave-length  prior  to  their 
entry  into  our  atmosphere. 

We  have  undertaken  to  make  numerical  determinations  of  the 
intensity,  to  measure  the  coefiicients  of  absorption  of  the  atmosphere 
for  each  wave-length,  and  to  see  if  those  coefficients  accord  with 
those  of  ozone.  If  so,  we  shall  then  be  able  to  determine  the 
quantity  of  ozone  which  produces  the  absorption.  Finally,  on 
correcting  each  radiation  for  the  absorption  which  it  has  suffered, 
we  shall  be  able  to  learn  the  intensity  outside  the  atmosphere  and 
to  see  if  the  spectrum  thus  freed  from  terrestrial  absorption  still 
shows  a  marked  weakening  in  that  region.  Should  this  be  the 
case,  it  would  be  necessary  to  conclude  that  solar  phenomena  have 
a  part  in  this  limitation  of  the  spectrum. 

Our  measures  were  undertaken  long  ago,  beginning  with  the 
study  of  the  absorption  of  ozone  in  1912.^  It  was  necessar}"  to 
make  this  study  because  its  absorption  was  little  known,  whence 
it  was  impossible  to  compare  it  with  that  of  the  atmosphere. 

'  The  presence  of  ozone  in  the  atmosphere  has  recently  been  established  beyond 
doubt  by  Fowler  and  Strutt,  who  have  sho\\Ti  the  existence  of  absorption  bands  of 
this  gas  in  the  region  X  3300,  in  the  light  of  the  sun  and  of  the  stars.  Proceedings  of 
the  Royal  Society,  A,  93,  577,  1917. 

^Journal  de  Physique  (5),  3,  196,  1913. 
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The  first  attempts  to  measure  the  atmospheric  absorption 
were  made  at  that  time  and  were  continued  in  the  course  of  the 
following  years  until  interrupted  by  the  war;  they  were  resumed 
during  the  last  two  years.  It  is  unnecessary  to  describe  the  suc- 
cession of  improvements,  and  we  limit  ourselves  to  describing  the 
actual  arrangement  of  apparatus  and  methods  of  calculation  which 
we  finally  adopted. 

Our  experiments  were  made  at  the  Faculty  of  Sciences,  of  the 
University  of  Marseille  (latitude  43^17',  altitude  25  meters),  under 
conditions  which  are  not  the  most  favorable,  in  the  center  of  an 
industrial  city  where  the  air  is  seldom  pure. 

2.  Methods. — The  region  of  spectrum  which  we  have  studied  is  of 
shorter  wave-length  than  X  3150,  and  we  have  employed  solely  the 
photographic  method  for  the  measures  of  intensity.  We  could  not 
dream  of  using  a  thermopile  or  a  bolometer,  which  would  have  had 
the  advantage  of  giving  intensities  directly  in  energy;  but  the  region 
to  be  measured  is  greatly  weakened  by  absorption,  so  that  the 
radiation  at  X  2900  is  reduced,  even  for  the  sun  at  the  zenith,  to 
at  least  io~^  of  its  value  outside  of  the  atmosphere. 

The  problem  to  be  solved,  then,  is  the  comparison  of  the 
intensity  of  one  and  the  same  radiation  at  different  hours  of  the 
day,  which  is  relatively  easy  because  it  is  free  from  all  the  diffi- 
culties due  to  the  selective  effect  on  different  rays.  On  the  same 
plate  and  with  the  same  length  of  exposure,  exposures  are  made  at 
different  hours.  When  the  plate  is  developed,  the  blackening  is 
more  intense  as  the  intensity  of  the  effective  radiation  is  greater. 
It  is  possible  to  graduate  the  plate  as  to  intensity,  that  is  to  say, 
to  establish  the  relation  existing  between  the  blackening  and  the 
intensity  by  taking  two  exposures  which  should  be  of  known  ratio. 
The  difference  of  density  of  those  two  exposures,  divided  by  the 
logarithm  of  the  ratio  of  the  intensities,  gives  the  ratio  7  which 
defines,  for  that  plate,  the  relation  sought  in  the  region  of  normal 
exposure. 

To  make  two  exposures  in  known  ratios  of  intensity,  we  employed 
two  different  procedures:  in  the  first,  we  placed  in  the  path  of  the 
luminous  beam  a  polarizer  and  an  analyzer,  the  latter  being  fixed 
while  the  polarizer  was  mounted  on  a  graduated  circle  so  that  it 
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could  be  differently  oriented.  The  beam  was  thus  weakened  in 
any  desired  ratio.  The  polarizers  emplo}ed  were  Foucault  prisms 
with  an  air  space.  It  was  in  fact  necessary  to  avoid  apparatus 
with  a  layer  of  balsam,  which  is  opaque  to  ultra-violet  rays.  This 
procedure  grades  the  light  in  a  direct  manner,  but  it  causes  a  some- 
what complicated  arrangement  of  apparatus;  further,  in  our 
regular  measures  we  have  preferred  to  work  with  absorption. 
Filters,  the  construction  and  use  of  which  will  be  described  below, 
may  be  interposed  in  the  beam.  Their  opacity  having  been 
measured  once  for  all  for  each  radiation  by  a  polarimetric  method, 
they  then  furnish  a  simple  and  convenient  means  of  graduating 
the  light. 

All  of  the  preceding  applies  to  the  intensity  of  one  and  the 
same  ray.  V\e  may  then  go  farther,  and  give,  in  the  short  spectral 
region  which  we  have  studied  (X3150  to  X  2900),  values  of  the 
photographic  intensities  of  the  different  radiations  expressed  in 
the  same  unit.  Such  a  plan  would  be  meaningless  if  we  wished 
to  apply  it  to  the  whole  of  the  spectrum.  The  law  of  opacity 
always  keeping  the  same  general  form,  is  then  very  different  from 
one  ray  to  another  in  consequence  of  the  great  variation  of  the 
ratio  7,  which  may  increase  from  one  to  two  in  passing  from  the 
region  X  3000  to  the  visible  region.  Two  rays  which  give  identical 
opacities  will  cease  to  do  so,  if  their  intensities  are  increased  tenfold. 
This  difficulty  does  not  exist  in  our  case,  at  least  with  the  plates 
which  we  have  employed.  The  factor  7  remains  constant  during 
the  interval  studied,  and  consequently  the  ratios  of  photographic 
intensities  have  a  value  as  well  defined  for  two  different  rays  as 
for  the  same  ray.  It  is  true  that  these  photographic  intensities 
thus  measured  for  neighboring  radiations  should  not  be  confused 
with  the  true  intensities  expressed  in  energy:  they  dift'er  according 
to  the  law  of  dispersion  of  the  spectroscopic  apparatus  and  accord- 
ing to  the  variable  sensitiveness  of  the  plate.  The  essential  thing 
is  that  they  have  a  definite  significance.  We  shall  see  farther 
on  how  we  may  pass  from  photographic  intensities  to  intensities  of 
energy. 

All  these  determinations  depend  on  the  measures  of  density 
at  different  parts  of   the  photographic   plates.     These  densities 
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ought  to  be  measured  on  regions  of  very  small  extent,  limited  by 
the  very  narrow  intervals  which  separate  the  solar  lines.  It  was 
with  such  measures  in  view  that  we  have  constructed  our  micro- 
photometer,  which  is  particularly  well  adapted  to  this  class  of 
work.^ 

We  have  employed  almost  solely  the  photographic  plates  of 
Jougla,  bromo-iodide  of  silver  (mauve  label),  which  have  great 
sensitiveness  and  a  normal  range  of  exposure. 

3.  Spectroscope. — In  photographing  the  extreme  end  of  the 
solar  spectrum  with  an  ordinary  spectroscope,  it  is  immediately 
evident  that  it  becomes  lost  in  an  intense  veil  which  limits  the 
observable  region.  This  veil  is  produced  by  the  diffused  light  due 
to  the  more  intense  radiations  of  the  spectrum,  the  diffusion  itself 
being  due  to  the  passage  of  the  light  through  the  different  trans- 
parent media  of  the  dispersive  apparatus.  It  is  absolutely  neces- 
sary to  eliminate  this  foreign  light  of  longer  wave-length  from  the 
region  to  be  studied.  The  use  of  absorbing  filters  serves  this 
problem  only  very  incompletely;  a  preferable  arrangement  is  to 
employ  a  second  dispersion  which  throws  to  one  side  of  the  spectral 
band  the  foreign  light  which  contaminates  it.  This  procedure  has 
already  been  employed  in  an  imperfect  way  by  Miethe  and  Leh- 
mann,^  who  interposed,  at  some  distance  from  the  principal  prism, 
a  second  prism  having  its  edge  perpendicular  to  the  first. 

Our  arrangement  is  as  follows.  The  first  spectroscope,  having 
prisms  and  lenses  of  quartz,  produces  a  real  spectrum,  one  portion 
of  which,  limited  in  length  and  height,  is  isolated  from  the  rest  by  a 
slit  placed  at  a  convenient  place.  A  second  quartz  spectroscope 
disperses,  in  a  plane  perpendicular  to  the  plane  of  dispersion  of  the 
first  spectroscope,  the  light  which  has  passed  through  that  slit; 
thus  the  diaphragm,  which  has  Hmited  the  first  spectrum,  forms 
the  sHt  of  the  second  spectroscope.  The  whole  apparatus  is  shown 
in  perspective  in  Figure  i;  the  collimator  and  tube  of  the  first 
spectroscope  are  in  a  horizontal  plane  with  the  edges  of  the  prisms 
P  and  P'  vertical.  The  quartz  objectives  L  and  L'  are  each  of 
focal  length  i  meter  and  diameter  58  mm.     The  two  quartz  prisms 

^  Journal  de  Physique  (5),  9,  37,  19 19. 

^  Sitzungsberichte  der  preussische  Akademie  der  Wissenschajten,  i,  268,  1909. 
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are  traversed  by  the  beam  along  their  optical  axes ;  the  one  is  right- 
handed,  the  other  left-handed.  They  have  a  height  of  50  mm, 
and  their  base  is  an  equilateral  triangle  of  57  mm  side.  We  allow 
an  amount  of  light  that  is  strictly  necessary  to  enter  the  apparatus, 
by  limiting  the  height  utilized  of  the  slit  F  by  means  of  a  screen  hav- 
ing an  opening  i  mm  in  height.  The  spectrum  produced  at  5  is 
spread  out  horizontally  and  it  is  received  on  a  diaphragm  which 
limits  it  to  the  region  between  X  3200  and  X  2800.  The  aperture  of 
that  diaphragm  is  about  40  mm  long  and  i  mm  high.     The  second 


&H 


•^ 


Fig.  I 


spectroscope,  which  is  arranged  to  disperse  the  light  in  a  vertical 
plane,  used  that  aperture  as  its  slit,  and  is  produced  by  two  equi- 
lateral prisms  of  quartz  p  and  p',  the  edges  of  which  are  horizontal, 
together  with  two  lenses  /  and  V,  of  focal  lengths  25  and  17  cm. 
Another  lens,  C,  of  focal  length  30  cm,  placed  in  the  plane  of  the 
slit  S,  plays  the  role  of  field  lens,  projecting  an  image  of  the  prisms 
P  of  the  first  spectroscope  upon  those  of  the  prisms  p  of  the  second 
spectroscope,  so  that  all  the  useful  light  which  has  passed  through 
the  first  apparatus  may  be  gathered  by  the  second. 

If  the  slit  5  of  the  diaphragm  was  illuminated  by  a  monochro- 
matic light,  the  second  spectroscope  would  give  a  straight  line  as 
an  image;  but  since  the  different  parts  of  that  slit  correspond  to 
different  wave-lengths,  there  is  produced  by  dispersion  an  image 
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of  which  the  points  are  unequally  deviated,  or,  in  other  words,  a 
curved  image  is  produced.  The  foreign  rays  of  less  refrangibility, 
which  form  the  diffuse  hght,  are  deviated  completely  beyond  that 
image,  which  then  is  seen  on  a  background  entirely  free  from  veil. 

As  neither  of  these  two  spectroscopes  is  achromatic,  the  final 
spectrum  must  occupy  a  comphcated  position  in  space.  The  posi- 
tion and  the  inclination  which  must  be  given  to  the  photographic 
plate  T  have  been  determined  by  a  series  of  preliminary  experi- 
ments; but  in  spite  of  the  complication  of  the  optical  path,  the 
spectrum  is  sufficiently  sharp.  The  scale  of  the  spectrum  is  about 
I  mm  for  10  angstroms,  and  thus  it  is  possible  to  separate  two 
rays  having  wave-lengths  differing  by  at  least  half  an  angstrom. 
We  have  thus  obtained  completely  the  object  sought,  and  it  is 
possible  to  make  exposures  of  a  quarter  of  an  hour  on  the  solar 
spectrum  without  having  the  extremity  of  the  spectrum  limited 
by  the  fog,  and  thus  it  is  possible  to  push  the  study  of  the  spectrum 
out  to  its  actual  limit. 

This  whole  arrangement,  formed  by  the  two  spectroscopes  thus 
placed  in  tandem,  forms  an  entirely  rigid  system,  each  part  of  which 
has  been  placed  in  its  definitive  position.  The  quartz  parts  were 
cut  by  M.  Jobin  and  the  remainder  of  the  equipment  was  assembled 
in  the  workshop  of  the  laboratory. 

A  heliostat,  having  a  totally  reflecting  prism  5",  sends  the  solar 
beam  into  the  apparatus  with  but  a  single  reflection,  and  an 
achromatic  lens  Q,  of  quartz  and  fluorite,  of  30  cm  focal  length, 
projects  an  image  of  the  sun  on  the  slit. 

4.  Filters. — The  variation  in  the  intensity  in  the  region  of  the 
spectrum  studied  is  so  great  that  a  single  exposure  of  a  given  length 
does  not  furnish  a  plate  that  can  be  used  over  more  than  an 
extremely  short  interval.  The  regions  of  long  wave-length  are 
overexposed,  while  those  of  shorter  wave-length  need  an  excessive 
increase  of  exposure.  In  order  to  make  the  photographic  impres- 
sion more  uniform  from  one  exposure  and  thus  to  be  able  to 
extend  the  measures  made  on  a  single  plate,  we  have  greatly 
reduced  the  intensity  for  longer  wave-lengths  by  the  following 
device.  Over  a  portion  of  the  slit  S,  where  the  horizontal  spec- 
trum from  the  first  spectroscope  is  projected,  we  place  absorbing 
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screens  of  measured  opacity,  which  reduce  in  a  known  ratio 
the  intensity  of  the  rays  which  pass  through  them.  Thus  we 
weaken  the  rays  that  are  too  intense,  while  allowing  the  others 
to  pass  freely,  and  we  thus  obtain  on  the  plate  a  spectrum  cover- 
ing several  regions  which  have  all  received  a  suitable  exposure. 
With  the  judicious  choice  of  filters,  we  thus  obtain  a  spectrum 
throughout  the  whole  length  of  which  measures  of  intensity  are 
possible. 

After  several  attempts,  we  made  these  filters  by  taking  gelatine 
films  from  photographic  plates  which  had  been  developed  and  fijced 
and  had  been  separated  from  the  glass.  Thus  we  had  absorbers  of 
very  small  thickness,  of  which  the  opacity  could  be  selected  at  will. 
The  coatings  of  ordinary  photographic  plates  have  one  very  serious 
inconvenience,  for  they  are  made  by  grains  of  silver  scattered 
through  the  gelatine,  and  also  have  the  anomaly  of  the  trans- 
parence of  the  metallic  silver  in  the  region  of  X  3100,  so  that  they 
have  there  very  slight  opacity.  Thus  we  should  have  filters  of 
which  the  opacity  would  be  very  variable  with  the  wave-length, 
and  this  in  just  the  region  which  interests  us. 

We  have  gotten  entirely  rid  of  this  disturbing  property  by 
intensifying  the  plate  with  mercuric  chloride  and  ammonia  before 
removing  the  gelatine.  The  layers  thus  obtained  have  an  absorption 
without  anomalies,  which  increases  gently  and  uniformly  as  the 
wave-length  decreases,  but  so  that  this  variation  is  not  disturbing 
to  our  measures.  With  these  filters,  we  made  the  following  arrange- 
ment: a  sheet  of  cardboard  contains  an  aperture  on  which  was 
placed  a  strip  of  gelatine,  detached  from  a  plate,  so  that  it  should 
cover  only  a  part  of  the  aperture;  then  a  second  strip  of  gelatine 
was  placed  over  a  part  of  the  first  one,  thus  giving  two  successive 
echelons.  The  supporting  cardboard  is  always  placed  in  the  same 
way  before  the  slit  S  upon  which  the  first  spectrum  is  projected. 
Under  this  condition  the  region  beyond  X  2990  does  not  suft'er  any 
absorption,  while  that  between  X  2990  and  X  3040  undergoes 
absorption  from  a  single  strip  of  gelatine,  and  fijially  the  region  of 
wave-lengths  greater  than  X  3040  suffers  absorption  from  two 
superposed  strips. 

We  have  determined  the  absorption  of  these  screens  under  the 
conditions  under  which  we  use  them,  namely,  in  the  apparatus 
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where  they  are  to  be  used  and  not  by  measurements  made  under 
other  conditions.  The  passage  of  light  through  these  photographic 
films  is  accompanied  by  a  slight  amount  of  diffusion  and  the 
impression  produced  on  the  plate  varies  with  the  proportion  of  the 
diffused  light  used  in  forming  the  image.  It  is  therefore  necessary 
to  make  the  measures  of  absorption  upon  the  filter  when  in  the 
place  where  it  is  going  to  be  used  and  without  any  modification 
of  the  aperture  of  the  luminous  beams. 

The  transmission  of  the  filters  was  measured  by  the  polarimetric 
method  described  further  on  and  was  made  separately  on  each  of 

TABLE  I 
Logarithms  of  Opacities  of  Filters 
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the  two  filters  which  were  used  on  the  spectrum.  One  of  these 
transmits  about  i/ioo  of  the  incident  light  in  the  region  of  X  3000, 
while  the  other  transmits  about  4  per  cent;  when  they  are  super- 
posed, the  transparence  is  not  over  0.0004. 

It  was  further  necessary  to  calibrate  each  plate  on  which  the 
solar  spectrum  was  photographed.  This  was  accomplished  by 
interposing  for  the  whole  of  the  beam,  before  its  entry  into  the 
apparatus,  a  filter  of  the  same  sort  as  those  described  above,  which 
weakened  all  the  radiations  in  a  known  ratio. 

The  results  of  these  measures  are  given  in  Table  I,  containing 
the  logarithms  of  the  opacities  of  the  different  filters.  Filter  A 
is  the  one  which  weakened  the  spectrum  for  calibrating  the  plate. 
Filters  C  and  E  are  the  ones  placed  over  the  slit  S  in  the  focal 
plane  of  the  first  spectroscope;  E  is  introduced  only  in  the  region 
X3000;  for  wave-lengths  greater  than  X  3040  the  light  traverses 
the  two  filters  C  and  E. 
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5.  Determination  of  the  coefficient  of  absorption  of  the  atmosphere 
for  the  different  rays. — We  have  followed  the  method  proposed  in 
principle  by  Bouguer  two  centuries  ago,  which  has  been  correctly 
apphed  to  monochromatic  radiations  from  the  smi  by  Langley 
and  afterward  by  Abbot.  This  consists  in  stud}dng  the  decrease 
of  intensity  of  a  definite  ray  when  the  zenith  distance  of  the  sun  is 
increasing.  If  we  let  7o  be  the  intensity  of  a  ray  before  its  entry 
into  our  atmosphere,  the  sun  being  at  the  zenith,  it  will  arrive  at 
the  surface  of  the  earth  with  a  reduced  intensity  h  and  we  may 
define  the  coefiicient  of  absorption  of  the  atmosphere  for  that 
ray  by  the  equation 

w  =  logio  (/0//1).  (i) 

Now  if  the  sun  is  at  zenith  distance  z,  the  path  traversed  by  the 
light  in  each  stratum  is  multiplied  by  sec  z,  and  the  intensity  I 
which  reaches  the  earth's  surface  is  given  by  the  formula 

log /  =  log  Zq— m  sec  z.  (2) 

For  determining  the  coefficient  m  we  measure  the  intensity  at 
dift'erent  hours  of  the  day  and  then  trace  a  cur\-e  ha\dng  for  abscissas 
the  values  of  sec  z  and  for  ordinates  the  values  of  log  /.  If  the 
transparence  of  the  air  has  not  undergone  any  change  during  the 
course  of  the  observation,  this  curve  will  be  a  straight  line,  the 
slope  of  which  gives  us  the  value  of  m.  The  solar  spectrum  is 
photographed  at  dift'erent  hours  of  the  day,  on  the  same  plate, 
with  equal  times  of  exposure,  the  filters  C  and  E,  mentioned  above, 
being  interposed  to  weaken  the  portions  that  are  too  strong.  An 
identical  exposure  is  further  made  at  noon  through  the  filter  A 
to  obtain  the  necessary  data  as  to  the  calibration  of  the  plate. 
We  then  measure  with  the  microphotometer  the  density  of  the 
plate  on  the  two  spectra  for  rays  conveniently  chosen.  In  this 
choice  we  are  limited  by  the  great  number  of  dark  lines  which  occur 
in  the  solar  spectrum  in  that  region.  Among  these  rays  we  have 
selected  eleven  intervals  where  the  spectrum  has  a  xery  uniform 
appearance,  from  X2922  to  X3143.  All  of  our  measures  refer  to 
the  points  thus  determined. 

Thanks  to  the  precaution  taken  in  rendering  the  spectrum 
uniform  by  means  of  the  absorbing  filters,  we  have  been  able  to  keep 
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the  blackening  of  the  plate  in  the  region  of  normal  exposure,  which 
is  that  where  the  curve  connecting  the  photographic  densities 
with  the  logarithm  of  the  intensity  acting  is  a  straight  line.  The 
slope  of  that  right  line  (coefi&cient  7)  independent  of  the  wave- 
length in  the  short  spectral  region  studied  here,  is  obtained  by- 
two  exposures  made  at  noon,  one  under  general  conditions  and  the 
other  with  a  known  reduction  of  brightness.  We  then  obtain 
for  every  ray  the  intensity  at  different  hours  and  further  the  photo- 
graphic intensities  of  the  different  radiations. 


TABLE  II 


Local  Solar  Time 


X  2922 


X  2931 


X2936 


X  2946 


X2956 


X  2963 


X2997 


X3022 


X30S2 


X3104 


X3I43 


8  39 

8  56 

9  16 
9  38 

10     2 

10  31 

11  25 
13  22 

13  52 

14  24 

14  44 

15  4 
15   20 

15  46 
II   23* 


0.2« 
0.52 
0.37 


0-35 
0.65 
0.84 
1. 10 

0.97 
0.68 

0.37 


0.38 
0.74 

105 
1.28 

1-55 
1-39 
1.06 
0.72 
0.46 


0.28 
0.63 
I  05 
1.44 
1 .72 
1. 91 

2-IS 
2.03 

1-75 
1-43 
1 .  12 
0.79 
0.44 


0.62 


0.66 

1 .  10 
1.44 
1.86 
2.20 
2.46 
2.64 
2.92 
2.77 
2.50 

2.  20 
1 .92 
1 .64 
1.28 
0.71 

-^■33 


1.23 
1. 61 
2.01 
2.28 
2.64 

2-95 
3.10 

327 
2-23 
2-95 

2.72 

2.52 
2.07 
1.83 
1. 19 

1 .69 


0.67 
0.96 
1. 17 

1-47 
1 .72 
1.87 
1.94 
2.10 
2.03 
1.89 
1.72 

1-52 

I-3S 
I -13 
0.76 

0.58 


1.56 
1.85 
2.05 
2.  22 
2.41 

2-54 
2.64 
2.78 
2.71 
2.57 
2.45 
2.  27 
2.13 
2.01 


1.77 
1. 91 
2.04 
2.09 
2.18 
2.27 
2.31 
2-37 
2-39 
2.28 
2.27 
2. 17 

2.13 
2.01 
1.86 


2.14 

2.  24 
2-35 
2.45 
2-59 
2.63 


65 
2.68 
2.68 
2.60 
2.56 
2.47 
2.41 

2.34 
2. 16 

1 .  29 


*With  filter /I. 


6.  Example  of  a  day's  observations. — We  shall  give  as  an  example 
the  measures  made  on  June  7,  1920.  Fifteen  exposures,  each  of 
one  minute,  were  spread  over  a  total  time  of  seven  and  one-half 
hours;  an  exposure  of  the  same  duration  through  the  filter  A 
was  taken  for  the  purpose  of  calibrating  the  plate.  The  densities 
of  the  plate  for  each  exposure  and  for  each  of  the  selected  rays 
are  given  in  the  Table  II  where  the  first  column  contains  the  hour 
of  the  different  exposures  in  local  solar  time,  while  each  of  the 
others  refers  to  one  of  the  rays  measured.  A  mere  examination 
of  Table  II  shows  how  the  intensity  decreases  rapidly  when  the 
sun  departs  from  the  zenith,  and  how  the  effect  is  more  marked 
for  the  short  wave-lengths.     We  further  see  the  useful  effect  of  the 
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absorbing  filters  placed  in  the  spectra;  the  measures  would  be 
impossible  on  account  of  the  overexposure  involved  for  wave- 
lengths longer  than  2963  if  the  intensity  had  not  been  reduced  to  a 
convenient  value  by  the  presence  of  the  filters.  The  last  line  of 
the  table  refers  to  the  exposure  made  at  ii''23°'  through  the  filter  A; 
from  that  comparison  with  the  exposure  made  without  absorption 
at  ii''25™,  for  determining  the  calibration  of  the  plate,  we  have 
adopted  the  number  1.40  as  the  value  of  the  coefficient  7,  this  being 
the  mean  of  values  differing  very  slightly  for  different  radiations. 
On  di\dding  the  densities  given  in  the  preceding  table  by  that 
figure,  we  obtain  the  intensities  of  the  different  rays  which  have 
produced  the  blackening.  For  those  which  have  been  weakened 
by  the  interposition  of  the  filter  in  the  spectrum,  it  is  necessary 
to  take  account  of  that  absorption  by  adding  the  densities  of  the 
filter  given  in  Table  I.  We  thus  obtain  Table  III,  which  gives  in 
logarithms  the  values  of  the  photographic  intensity  of  each  ray 
at  different  hours.  The  first  column  of  that  table  contains  the 
hours  and  the  second  the  secant  of  the  zenith  distance  of  the  sun. 
These  measures  must  be  corrected  for  two  causes  of  weakening,  from 
which  all  radiations  suffer,  in  addition  to  the  very  selective  absorp- 
tion for  which  we  are  here  seeking  the  origin.  These  two  causes 
are  the  diffusion  by  the  molecules  of  the  air  and  the  extinction  pro- 
duced by  the  haze  or  other  foreign  bodies  in  suspension  in  the  air. 
The  molecular  diffusion  obeys  laws  which  are  known,  and  its  effect 
may  be  calculated  a  priori;  it  is  enough  to  know  its  effect  on  each 
ray  when  the  sun  is  at  the  zenith.  Table  IV  gives  the  values  of 
the  coefficient  /3  defined  by 

i3  =  log(7o//x), 

in  which  7o  is  the  intensity  outside  the  atmosphere  and  Ij,  is  the 
intensity  which  would  be  found  at  the  earth's  surface  if  diffusion 
by  the  molecules  was  the  only  effect  existing.  These  data  have 
been  calculated  by  Lord  Rayleigh's  formula. 

We  have  eliminated  the  effect  of  absorption  by  foreign  particles, 
which  may  be  very  variable  from  moment  to  moment,  in  assuming 
that  this  action  was  subject  to  little  variation  as  a  function  of  the 
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wave-length  in  the  narrow  spectral  region  covered  by  our  measures. 
The  method  of  computation  is  as  follows. 

Let  m  be  the  coefficient  of  absorption  of  the  atmosphere  for 
vertical  transmission,  due  to  that  unknown  substance  which  acts 
selectively,  and  let  /3  be  the  coefficient  of  extinction  due  to  molecular 
diffusion  under  the  same  conditions.     These  two  quantities  depend 

TABLE  III 


Time 


Sec  z 


X  2922 


X  2931 


X  2936 


X  2946 


X  2956 


X  2963 


X2997 


X3022 


^3052 


X3104 


X3143 


8  39 

8  56 

9  16 

9  38 
10     2 

10  31 

11  25 
13  22 

13  52 

14  24 

14  44 

15  4 
15   20 

IS  46 


1.526 
1.440 
1.367 

1-295 
1.232 
1. 177 
1. 128 
1.077 
1. 118 
1. 165 
1.237 

1-295 
1.367 

1-435 
1-573 


0.20 

0.37 
0.26 


0.25 
0.46 
0.60 
0.78 
0.69 
0.48 
0.26 


0.27 
0-53 
0.75 
0.91 
I.  II 
0.99 
0.76 
0-51 
0.33 


0.20 
0.45 
0.75 
1.03 
1.23 
1.36 
1-53 
1-45 
1-25 
1 .02 
0.80 
0.56 
0.31 


0.47 
0.78 
1.03 
1-33 
1-57 
1.76 
1.88 
2.08 
1.98 
1.78 
1-57 
1-37 
1. 17 
0.91 

O.sl 


I-I5 
1-43 
1.63 
1.88 
2.  II 
2.21 

2-33 
2.31 
2.  II 
1.94 
1.80 
1.48 

1-31 
0.85 


2.56 
2.76 
2.91 

3-41 
3-46 

3-58 

3-53 
3-43 
331 
3.16 

3 -04 

2. 

2.62 


TABLE  IV 

X 

2922 
0.48 

2931 
0.47 

2936 
0.46 

2946 
0.46 

2956 
0.45 

2963 
0.45 

2997 
0.43 

3022 
0.42 

3052 
0.40 

3104 
0.38 

3143 

/3 

0.36 

only  on  the  wave-length.  If  7o  is  the  intensit}^  outside  the  atmos- 
phere, the  intensity  I  at  the  surface  of  the  earth  will  be  given  by 
the  equation 

log  /  =  log  Io—(m+^)  secz—8,  (3) 

in  which  z  is  the  zenith  distance  of  the  sun  and  5  represents  the 
effect  of  the  haze,  irregularly  variable  from  moment  to  moment,  but 
independent  of  the  wave-length.  At  the  same  moment  for  another 
ray,  we  have  the  analogous  relation 

logr  =  log7^-(m'-f/3')  sec2-5,  (3O 

whence  we  have 

\ogI-logr  =  K-(m-m'-\-^-^')  sec  2,  (4) 
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in  which  ii  is  a  quantity  independent  of  the  time.  If  we  compare 
each  of  the  rays  with  one  of  them,  for  example  with  X3143, 
the  difference  of  the  logarithms  of  the  intensities  of  the  radiations  X 
and  3143  should  vary  linearly  as  a  function  of  sec  z,  and  the  slope 
of  the  right  line  which  represents  that  variation  gives  for  each 
ray  the  value  of 

Let  us  now  form  the  table  of  the  differences  log  /—log  /', 
understanding  that  I'  refers  to  X  3 143.     To  avoid  negative  numbers, 

TABLE  V 


Secz 


X  2922  X  2931  X  2936 


X  2946  X  2956  X  2963  X  2997  X3022  X30S2 


X3104 


X3143 


1.526. 
1.440. 
1.367. 
I . 295 . 
1.232. 
I. 177. 
I. 128. 
1.077. 
I. 118. 
I. 165. 

I-237- 
1.295. 
1.367. 
I-435- 
I-573- 


0.37 
0.26 


0.31 
0.49 
0.62 
0.78 
0.69 
0.53 
0.34 


0.43 
0-59 
0.78 

0-93 
I.  II 
0.99 
0.81 
0-59 


0.51 
0.68 
0.91 

1 .09 
1.26 
1.38 
1-53 
1-45 
1.30 

1. 10 
0-95 
0.75 
0.55 


0.85 
1.09 
I.  26 
1.49 
1.63 
1.79 
1.90 
2.08 


1.83 
1.65 
152 
1.36 

IIS 
0.88 


1.26 
1.46 
1.66 
1.79 
1.94 
2.14 
2.23 

2-33 
2.31 
2. 16 
2.02 

1-95 
1 .67 

1-55 
1.22 


5.22 
5.22 
5.22 
5.22 
5.22 
5.22 
5.22 
5.22 
5.22 

5.22 
5.22 
5.22 
5.22 
5.22 
5.22 


all  the  differences  have  been  increased  by  the  constant  quantity 
5.22,  which  amounts  to  making  an  arbitrary  choice  of  the  value  K 
in  the  preceding  formula.  Thus  we  obtain  Table  V,  which  gives 
the  logarithms  of  the  intensities  of  the  different  rays  at  different 
hours  referred  to  what  they  would  be  if  X  3143  did  not  suffer  any 
absorption.  If  we  trace  for  each  ray  the  curve  of  the  numbers  given 
in  each  column  as  a  function  of  sec  z,  we  obtain  the  graph  in  Figure  2, 
on  which  the  +  sign  represents  the  points  referring  to  measures 
in  the  morning,  and  the  s>Tnbol  X  to  measures  in  the  afternoon. 
The  slope  of  each  of  these  straight  lines  gives  the  values  of 

•m'+l3-l3'. 


m- 


In  correcting  for  the  values  ^—^',  known  from  Table  IV,  there 
remain  the  values  of  m  —  m',  which  are  the  differences  of   the 
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coefficient  of  absorption  of  the  atmosphere  for  the  ray  X  and  the 
ray  3143- 

Log/ 


X3052— 


3022 


2997 


1 .40 


Sec  3 
Fig.  2 


1.60 


It  is  necessary  to  compare  these  values  with  the  coefficients  of 
absorption  of  substances  which  are  supposed  to  cause  that  absorp- 
tion.    If  they  are  functions  of  wave-length,  according  to  the  same 
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law  of  variation  as  these  coefficients,  we  may  affirm  that  the  sub- 
stance in  question  is  the  one  present  in  the  atmosphere  and  which 
limits  the  solar  spectrum.  If  a  is  the  coefficient  of  absorption  of 
the  substance  considered,  and  x  its  thickness,  we  ought  to  have 

m  =ax, 
m'  =  a'x, 
m—m'={a—a')x. 

Table  VI  gives  for  the  wave-lengths  selected  the  values  of  the 
coefficient  /3,  the  differences  /3— jS',  the  coefficient  a  of  the  ozone, 
the  differences  a  — a',  the  slopes  P  measured  on  the  graph,  the 
values  of  m  —  m',  and  finally  the  quotients  respectively  of  m  —  m' 
divided  by  a  — a',  which  ought  to  yield  the  value  of  x,  which  is  the 

TABLE  VI 


2931 
2936 
2946 
2956 
2963 
2997 
3022 
3052 
3143 


/3 

&-&' 

a 

a— a' 

P 

Tfi'—nt 

0.47 

O.II 

II. 2 

10.5 

315 

3 -04 

0.46 

0. 10 

10 

5 

9.8 

3.16 

3.06 

0.46 

0. 10 

9 

3 

8.6 

2.78 

2.68 

0.45 

0.09 

8 

I 

7-4 

2.66 

2.57 

0.45 

0.09 

7 

4 

6.7 

2-37 

2.28 

0.43 

0.07 

4 

7 

4.0 

1.32 

1-25 

0.42 

0.06 

3 

4 

2.7 

0.96 

0.90 

0.40 

0.04 

2 

3 

1.6 

0.44 

0.40 

0.36 

0.00 

0 

7 

0 

0 

0 

o.  290 

0.312 
0.312 

0.347 
0.340 
0.309 

0-333 
0.250 


thickness  in  cm  of  the  stratum  of  ozone.  The  rays  X  2922  and 
X  3104  have  not  been  utilized,  the  first  because  the  corresponding 
measures  have  not  been  sufficiently  accurate,  and  the  second 
because  its  slope  is  too  small.  Finally,  it  should  be  recalled  that 
X  3 143  is  the  comparison  ray.  We  see  that  the  values  of  x  obtained 
for  the  different  rays  are  sensibly  equal;  the  agreement  is  still  better 
if  we  except  the  two  extremes,  which  are  less  accurate  than  the 
others.  The  conclusion  is  forced  upon  us  that  it  is  the  ozone  which 
limits  the  solar  spectrum  by  its  absorption. 

The  adopted  mean  of  the  values  in  the  last  column,  0.325,  gives 
for  June  7,  1920,  the  thickness  of  pure  ozone  expressed  in  cm, 
at  atmospheric  pressure,  which  would  be  traversed  by  the  solar 
rays  were  the  sun  at  the  zenith.  Table  VII  summarizes  the 
measures  made  by  the  same  method  on  three  different  days. 
We  see  that  the  accordance  between  the  different  values  of  x  for 
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each  day  is  satisfactory,  whence  it  follows  that  the  quantity  of 
ozone  present  in  the  atmosphere  was  sensibly  the  same  for  these 
three  days.  But  this  is  not  always  the  case,  and  we  have  established 
beyond  doubt  the  existence  of  considerable  variation  in  the  amount 
of  ozone  from  one  day  to  another.  We  shall  return  to  this  question 
farther  on. 

7.  Mode  of  calculation. — The  method  of  computation  which  we 
have  employed  was  necessary  to  eliminate  the  irregularities  of 
absorption  caused  by  the  dust,  the  haze  and  the  smoke,  varying 
from  one  moment  to  the  next,  but  affecting  in  the  same  manner 
all  the  rays  in  the  short  region  which  we  have  measured.     If 

TABLE  VII 


2931. 
2936. 
2946. 
2956. 
2963. 
2997. 
3022. 
3052. 


Adopted  value. 


May  13 


0.30 
0-33 
0-33 
0-35 
0-33 
0.38 
0.30 


0-33 


May  26 


0.34 
0.34 
0.32 

0-33 
0-35 
0.36 

0.34 
0-33 


0-34 


June  7 


0.29 
0.31 
0.31 
0-35 
0.34 
0-31 
0-33 
0.25 


0.32 


the  purity  of  the  atmosphere  was  constant  during  the  whole  day, 
one  could  immediately  apply  the  method  of  secants  to  each  ray 
and  thus  obtain  the  total  absorption  of  the  atmosphere.  This 
is  the  case  for  the  very  beautiful  days  when  the  sky  is  excep- 
tionally pure.  This  may  be  recognized  on  the  diagram  giving 
the  intensity  as  a  function  of  sec  z,  by  the  fact  that  the  points 
then  fall  on  a  straight  line.  This  happened  on  June  7,  1920, 
as  shown  by  the  graph  for  the  ray  3143  (Fig.  3).  The  slope  of 
the  right  line  on  which  fall  all  the  points  both  of  the  morning  and 
of  the  afternoon,  gives  the  value  0.84  for  the  logarithm  of  the 
opacity  for  that  ray  of  the  atmosphere  traversed  vertically.  In 
subtracting  from  that  number  the  part  referring  to  the  ozone, 
0.23,  and  the  part  due  to  the  molecular  diffusion,  0.36,  we  may 
deduce  the  effect  of  the  haze  alone;  we  thus  find  that  the  logarithm 
of  its  opacity  is  0.25  for  vertical  rays. 
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We  do  not  find  the  same  regularity  for  most  of  the  days  of 
observation.  The  points  do  not  fall  on  a  straight  line  and  in  par- 
ticular the  observations  made  in  the  morning  do  not  accord  with 
those  made  in  the  afternoon.  This  renders  impossible  any  precise 
determination  of  the  total  opacity,  which  is  so  variable  in  the  course 
of  the  day;  but  the  method  of  calculation  which  we  have  employed 
is  general  and  causes  these  irregularities  to  disappear. 

8.  The  solar  spectrum  freed  from  atmospheric  absorption. — It 
is  now  possible  to  calculate  the  intensities  which  the  solar  rays 
would  have  if  they  were  not  weakened  by  our  atmosphere.  Equa- 
tion 3,  solved  with  respect  to  h,  gives,  without  the  necessity  of 


5-5 


5-0 


4-5 


+ 


1 .40 


1.60 


Sec  2 
Fig.  3 

introducing  the  value  5,  the  logarithms  of  the  photographic  intensi- 
ties of  the  different  rays  expressed  in  a  single  arbitrary  unit. 

This  computation  has  been  made  for  those  days  of  observation 
referred  to  above,  by  utihzing  solely  the  exposure  made  near  noon 
for  which  the  term  in  sec  z  is  the  smallest.  The  results  obtained 
are  summarized  in  Table  VIII.  The  measures  stop  at  wave- 
length 2922,  the  shortest  which  we  could  obtain  with  an  exposure  of 
one  minute.  It  is  possible  to  extend  the  spectrum  by  increasing 
the  length  of  exposure,  at  least  when  the  sun  is  near  the  zenith,  but 
the  direct  measures  of  the  coefficient  of  absorption  become  impos- 
sible. These  coefficients  may  be  computed  if  a  determination  of  the 
quantity  of  ozone  has  been  made  on  the  same  day  by  the  method 
which  we  will  now  indicate.  We  may  then  calculate  the  intensity 
before  entrance  into  the  atmosphere.  This  measurement  has  been 
made  with  exposures  of  7™  and  of  75*"  on  a  plate  to  which  had  also 
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been  given  the  usual  exposure  of  one  minute.'  This  time  we  have 
the  necessary  elements  for  determining  the  law  of  blackening  as 
a  function  of  the  exposure  time,  and  to  refer  to  what  we  should  have 

TABLE  VIII 

Logarithms  of  the  Photographic  Intensities  Outside  the  Atmosphere 


2922 

2931 

2936 

2946 

2956 

2963 

2997 

3022 

30S2 

3104 

3143 

May  13 

5iS 
5-31 
5-28 

536 
531 
5-28 

5-41 
S-44 
5-39 

5-47 
5-52 
5-3° 

569 
5-64 
5.60 

555 
5-52 
5.63 

5-86 
5.86 
585 

S-64 
5  70 
585 

5-71 
5-77 
5  85 

Maj^  26 

5-3° 

5-21 

June  7 

530 

Mean 

S-30 

S-25 

S-3I 

5-31 

5-41 

S-43 

5-64 

5-57 

5.85 

S-73 

5-78 

TABLE  IX 


X  2898 

X  2906 

X  2912 

X29I7 

Log  / 

-1-57 
4.76 

—  1.20 
4-52 

-0.45 
5.00 

+0.03 

SI6 

Log  /o 

with  the  same  length  of  exposure.  Thus  we  arrive  at  a  measure- 
ment of  the  intensity  out  as  far  as  wave-length  2898.  Table  IX, 
based  on  the  preceding  one,  gives  the  values  of  log  /,  the  photo- 
graphic intensity  at  the  surface  of  the  earth  when  the  sun  is  at 
the  zenith,  and  of  log  /o,  the  photographic  intensity  outside  the 
atmosphere.     All  of  these  measures  were  made  on  June  20,  1920. 

9.  Calculation  of  the  intensity  expressed  as  energy. — ^All  the 
preceding  numbers  are  relative  to  the  photographic  intensities 
which  we  have  defined  above.  They  differ  from  the  true  values 
of  the  intensity  expressed  in  units  of  energy  because  the  dispersive 
apparatus,  not  having  a  constant  dispersion,  decreases  the  blacken- 
ing for  the  shorter  wave-lengths  and  also  because  the  sensitiveness 
of  the  plate  is  not  the  same  for  all  the  rays  studied. 

We  have  eliminated  at  one  stroke  the  effect  of  the  two  causes  by 
studying,  with  the  same  spectroscope  and  the  same  plates,  the  law 
of  blackening  in  the  spectrum  of  a  source  giving  a  continuous 
spectrum  with  a  known  distribution  of  energy.     For  this  purpose 

'  On  the  exposure  of  75  minutes,  the  last  trace  of  photographic  impression  corre- 
sponds to  the  wave-length  2885. 
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we  used  the  light  from  a  carbon  arc,  the  image  of  which  was  pro- 
jected on  the  sHt  of  the  spectroscope,  and  we  interposed  a  polarizer 
and  an  analyzer  so  that  we  could  vary  all  the  rays  at  the  same  time 
in  any  desired  proportion.  Operating  as  in  the  case  of  the  sun,  we 
constructed  the  curve  of  photographic  intensity  with  the  spectra  of 
the  arc.  The  curve  A  of  the  graph  (Fig.  4)  was  thus  obtained, 
the  abscissas  being  the  wave-lengths,  and  the  ordinates  the  loga- 
rithms of  the  photographic  intensities. 
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Furthermore,  the  radiation  of  the  crater  of  the  arc  is  that  of  a 
black  body  at  3750°  Abs.  Its  energy-curve  as  a  function  of  the 
wave-length  is  known,  being  given  by  the  equation 

log/=-5logX- 


It  is  shown  by  the  curve  B  of  Figure  4.  The  difference  of  the 
ordinates  of  the  curves  A  and  B  gives  the  value  of  the  logarithm 
of  the  photographic  intensity,  for  equal  energy,  for  each  wave- 
length; it  is  shown  by  curve  C.  If  we  now  subtract  the  ordinates 
of  curve  C  from  the  logarithms  of  the  solar  photographic  intensities 
obtained  before,  we  find  for  each  ray  the  intensity  that  it  would 
have  in  a  normal  spectrum  expressed  in  units  of  energy.  All  of 
our  results  are  summarized  in  Table  X,  which  contains  the  values, 
already  given,  of  the  logarithms  of  the  photographic  intensities 
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of  the  rays  before  entering  into  the  atmosphere,  and  then  in  loga- 
rithms and  in  numbers  the  intensity  in  energy  of  the  same  rays 
outside  the  atmosphere;  furthermore,  the  logarithms  of  the  total 
opacity  of  the  atmosphere  on  the  seventh  of  June  for  vertical  rays; 
and  finally  the  values  as  logarithms  and  numbers  of  the  intensity 
in  energy  at  the  surface  of  the  earth.  The  numbers  in  the  last 
column  show  the  extraordinary  decrease  of  the  intensity  of  the  solar 
spectrum  toward  short  wave-length  at  the  base  of  our  atmosphere : 

TABLE  X 


Outside  the  Atmosphere 


Log.  of 
Photo.  Int. 


Intensity  in  Energy 


Log/. 


/oIO~4 


Log.  of 
Total 
Opacity  of 
Atmos- 
phere 
June  7 


At  the  Surface  of  the 
Earth 


Intensity  in  Energy 


Log/. 


/, 


3143 
3104 
3052 
3022 

2997 
2963 
2956 
2946 
2936 
2931 
2922 
2917 
2912 
2906 


78 

5 

73 

85 

5 
5 

•57 
64 

5 
5- 

43 

5 

41 

5 

31 

5 

31 

5 

25 

5 

30 
16 

5- 
5- 

00 

4- 

52 
76 

4- 

4 

0.84 
0.99 

1 .40 

1.77 

2.22 
3.10 

3-2,2, 
3-73 
4.12 

4-36 
4.82 
5-o8 
5-39 
5.78 
6.36 


4-35 
4.18 
4.01 

3-43 
3.12 
2. 12 
1.88 
1 .40 

I  03 
0.74 

0.34 
9-94 
9.48 
8.62 
8.29 


22400 

15100 

10200 

2700 

1320 

132 

76 

25 
II 


5-5 

2.2 

0.87 

0.30 

0.04 

0.02 


between  X  3143  and  X  2898  the  ratio  of  the  intensities  is  about  a 
million  for  the  sun  at  the  zenith.  This  great  fall  in  intensity  is 
not  due  to  a  diminution  in  the  emission  of  the  sun,  but  to  the 
almost  complete  opacity  for  the  short  wave-length  of  our  atmos- 
phere, which  does  not  permit  the  passage  of  more  than  one  part 
in  two  millions  of  the  radiation  at  X  2898. 

We  see  that  aside  from  certain  irregularities  due  to  the  presence 
of  very  many  lines  of  solar  origin,  there  is  no  e\ddence  of  any  low 
point  in  the  intensity  in  the  region  the  best  studied  from  X3143 
to  X  2922.  Beyond,  from  X  2917  to  X  2898,  the  measures  are  less 
sure  and  they  only  show  that  it  is  not  a  very  rapid  falling  off. 
Hence  it  is  certain  that  the  limitation  of  the  spectrum  does  not 
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exist  outside  our  atmosphere  and  that  it  is  not  due  to  an  absorption 
having  its  origin  in  the  solar  atmosphere. 

A  comparison  of  the  intensities  of  the  radiations  emitted  by 
the  center  and  the  edge  of  the  solar  disk  tends  to  confirm  this  con- 
clusion. We  have  estabhshed  the  fact  that  the  spectrum  of  the 
Hmb  is  about  two  times  less  intense  than  that  of  the  center,  without 
any  appreciable  difference  from  one  end  to  the  other  of  the  spectral 
region  studied;  there  should  be  a  weakening  more  and  more  marked 
toward  short  wave-lengths,  if  the  strata  of  the  solar  atmosphere 
were  responsible  for  the  Hmitation  of  the  spectrum. 

ID.  Daily  variation  in  the  quantity  of  ozone. — The  method 
explained  above  gives  the  quantity  of  ozone  in  absolute  units. 
It  has  the  inconvenience  of  requiring  a  long  series  of  exposures 

TABLE  XI 


X3143 

X3104 

X30SZ 

X  3022 

X2997 

X29S6 

X2946 

X2936 

X2931 

X  2923 

T       rfTune  lo 

L«g^Uune2i 

5-30 
5-35 

5  13 
517 

4.72 
4.84 

4.04 
4-15 

3-55 
3.80 

1-93 

2.24 

1.94 

0.97 
1-54 

0.74 
1-31 

0.30 
0.84 

Difference 

0.05 

0.04 

0. 12 

0.  II 

0.25 

0-31 

0.43 

0-57 

0.57 

O.S4 

in  the  course  of  a  day,  where  the  measures  and  computations  are 
complicated.  A  method  of  comparison  permits  the  study  of  the 
variation  of  the  quantity  of  ozone  by  a  single  exposure  made  at 
noon  each  day. 

An  exposure  is  made  under  identical  conditions  on  one  and  the 
same  plate  each  day;  once  we  also  make  a  further  exposure  through 
a  filter  in  order  to  have  the  necessary  data  for  calibrating  the  plate. 
We  thus  obtain  on  a  single  plate  the  data  relative  to  a  score  of 
different  days.  Thus  we  may  deduce  the  values  of  the  photographic 
intensities  of  the  different  rays  for  corresponding  days.  If  the 
quantity  of  ozone  should  remain  constant  from  one  day  to  another, 
all  the  radiations  would  be  modified  in  the  same  ratio  by  the 
effect  of  a  change  in  the  haziness.  It  is  not  so,  however,  for  the 
distribution  of  intensities  in  the  spectrum  undergoes  great  changes 
from  one  day  to  the  other.  We  give  as  an  example  those  of  June 
10  and  21,  1920.  Table  XI  gives  for  noon  of  these  two  days  the 
logarithms  of  the  photographic  intensities  of  the  different  rays. 
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We  see  that  the  intensities  are  almost  the  same  for  X  3143  and 
that  the  differences  increase  regularly  so  that  at  X  2922  the  spectrum 
is  nearly  three  times  weaker  on  June  10  than  on  June  21.  The 
thickness  of  ozone  traversed  is  thus  notably  greater  on  the  tenth 
than  on  the  twenty-first;  as  the  zenith  distance  is  almost  the  same, 
it  is  necessary  to  conclude  that  a  greater  quantity  of  ozone  was 
present  in  the  atmosphere. 

We  may  further  calculate  for  each  day  the  quantity  of  ozone. 
Let  /  and  /'  be  the  intensities  of  the  two  radiations  measured  on 
the  plate.  We  know  further  their  intensities  outside  the  atmos- 
phere, /o  and  /o,  as  given  in  Table  X.  The  coefficients  of  absorption 
of  the  ozone  are  a  and  a'  and  those  of  the  weakening  by  molecu- 
lar diffusion  are  ^  and  ^'-y  finally  the  haze  produces  the  same 
weakening,  5,  on  the  two  rays.     We  may  write  the  two  relations: 

log  /  =  log  /q— (ax-{-/3)  sec  s— 5 
and 

log  /'  =  ]og  /o-(a.T+)8')  sec  z-b. 

In  order  to  eliminate  5  we  subtract  member  from  member,  whence 
we  obtain: 

(log  /'-log  /)-log  7^-log  7o)-(/3-/3')  sec  2 


x= 


{a  — a')  sec  2 


We  may  thus  combine  any  two  rays  whatever,  but  it  is  evidently 
desirable  to  choose  two  separate  radiations  among  those  measured 
under   good   conditions.     For  X  2931    and   X3104   the    preceding 

formula  becomes: 

log /'—log  7— 0.64 

x  =  -^ O.OI. 

10. I  sec  2 

Table  XII  gives  for  some  of  the  days  of  May  and  June,  1920, 
values  of  x,  the  thickness  of  pure  ozone,  reckoned  along  the  vertical 
in  cm  and  at  normal  pressure : 

These  variations  are  evident.  The  other  determinations  made 
in  the  summer  of  19 19  led  to  the  same  result  with  variations  of  the 
same  order.  These  changes  appear  irregular  and  of  short  period; 
in  so  short  an  interval  as  we  have  been  able  to  follow  them,  we 
have  not  been  able  to  notice  any  relation  between  them  and  the 
atmospheric  conditions.     It  would  be  interesting  to  observe  them 
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in  a  continuous  manner,  a  task  which  would  not  present  any 
difficulty  but  could  be  undertaken  only  by  an  institution  having  a 
sufficiently  large  personnel. 

II.  Localization  and  origin  of  the  atmospheric  ozone. — We  now 
know  the  quantity  of  ozone  to  be  found  in  our  atmosphere,  but 
we  do  not  know  where  it  is  situated.  If  distributed  uniformly, 
its  proportion  by  volume  would  be  4X10"^  or  0.4  cubic  cm  per 
cubic  meter.     This  is  much  more  than  the  amount  found  in  the 

TABLE  XII 


May  1920 

Thickness  cm  of 
Ozone 

June  1920 

Thickness  cm  of 
Ozone 

21 

0.304 
0.310 
0.298 
0.290 
0.275 
0.306 

4 

5 

7 

0.293 
0.297 

2? 

27 

0.325 
0.321 

0.335 
0.314 
0.286 

28 

Q 

20 

10 

XI    

II 

21 

2X 

0.289 

air  near  the  surface  of  the  earth  and  in  the  regions  of  the  atmosphere 
which  we  can  reach.  The  best  determinations  by  the  chemists 
give  a  very  much  smaller  quantity.  When  we  gave  a  brief  summary 
of  our  first  results  in  1913^  we  suggested  a  method  for  studying  the 
presence  of  ozone  in  the  lower  atmosphere.  In  1918  R.  J.  Strutt^ 
made  the  experiment,  which  consisted  in  studying  the  absorption 
of  ultra-violet  radiation  of  an  artificial  source  between  two  stations 
separated  by  several  kilometers.  Strutt  found  that  the  mercury 
ray  X  2536  is  transmitted  to  an  appreciable  extent  through  6.45  km 
of  air.  If  in  that  distance  the  air  contained  the  proportion  of  ozone 
given  above  (0.4  cubic  cm  per  cubic  meter)  the  intensity  of  the  ray 
would  be  reduced  in  proportion  of  lo-'^ii,  so  that  it  would  have 
been  absolutely  unobservable.  Hence  it  is  perfectly  certain  that 
ozone  is  not  distributed  uniformly  in  the  atmosphere. 

It  is  furthermore  highly  improbable  that  the  necessary  quantity 
of  ozone  is  situated  in  the  stratum  of  air  accessible  to  man.  Ob- 
servations of  the  solar  spectrum  made  at  very  high  altitudes  have 

^Journal  de  Physique  (5),  3,  196,  1913. 
'Proceedings  oj  the  Royal  Society,  A,  94,  260,  1918. 
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shown  that  its  limits  undergo  only  very  small  variations  with 
altitude.  Therefore  it  is  necessary  for  us  to  locate  the  great  part 
of  the  ozone  in  the  most  elevated  strata,  possibly  above  50  km.  It 
is  easy  to  explain  its  presence  in  this  region,  because  we  know  that 
oxygen  is  transformed  into  ozone  by  radiation  from  the  very  short 
waves,  shorter  than  X  2000.  The  presence  of  these  rays  in  the 
radiation  emitted  by  the  sun  is  very  probable,  because  we  do  not 
see  any  limitation  of  the  spectrum  in  the  region  we  have  studied. 
These  rays  should  therefore  ozonize  the  atmosphere,  but  being 
strongly  absorbed  by  oxygen,  are  not  able  to  penetrate  very  far  and 
act  only  upon  the  very  first  strata.  The  ray  X  1800  is  completely 
absorbed  by  a  dozen  meters  of  air  at  ordinary  pressure;  it  is 
therefore  incapable  of  penetrating  at  an  altitude  of  less  than  40  km. 
Hence  it  is  not  astonishing  that  the  ozone  should  not  be  formed  in 
the  strata  accessible  to  us.  Furthermore,  the  rays  between  X  2000 
and  X  3000  decompose  ozone.  A  state  of  equihbrium  is  established 
between  these  opposing  actions,  and  the  quantity  of  ozone  which 
exists  depends  upon  the  relative  proportion  of  the  intensities  of 
these  two  spectral  regions.  The  variations  obser^'ed  in  the  quantity 
of  ozone  may  have  as  their  principal  cause  the  variations  in  the ' 
solar  radiation  and  in  particular  the  region  of  exceedingly  short 
rays,  which  unfortunately  is  not  observable. 

It  would  be  interesting  to  follow  the  variations  of  the  ozone 
through  the  solar  period  and  further,  in  a  set  of  daily  observations^ 
to  compare  them  with  measures  of  the  solar  constant  which  has 
been  found  by  Abbot  to  vary.  If  an  extensive  collaboration  was 
possible,  as  has  been  undertaken  for  other  phenomena,  it  would  be 
interesting  to  follow  these  observations  at  different  points  on  the 
surface  of  the  earth. 

We  might  be  able  to  obtain  some  idea  as  to  the  altitude  of  the 
stratum  of  the  ozone  by  the  following  method.  In  consequence 
of  the  curvature  of  the  earth,  the  law  for  sec  z,  which  gives  the 
thickness  traversed,  is  no  longer  exact  when  the  zenith  distance  is 
large.  The  complete  law  involves  the  altitude  of  the  absorbing 
strata.  By  comparing  the  theoretical  law  with  the  results  of 
observation,  it  might  be  possible  to  get  an  idea  of  the  altitude  at 
which  absorption  takes  place.  It  would  be  necessary  for  that  to 
make  measures  almost  to  the  horizon;  here  it  would  not  be  possible 
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to  use  the  region  at  X  3000,  which  is  totally  suppressed  before  the 
sun  has  reached  the  horizon.  We  might  employ  the  weak  bands  of 
ozone  in  the  region  X  3300,  the  presence  of  which  has  been  brought 
out  by  Fowler  and  Strutt  in  the  spectrum  of  the  stars  and  of  the 
sun  when  near  the  horizon. 

12.  Photographic  map  of  the  extremity  of  the  solar  spectrum. — • 
It  seemed  to  us  to  be  desirable  to  obtain  a  photographic  map  of  the 
extremity  of  the  solar  spectrum.  We  do  not  know  enough  about 
this.  Rowland's  map  stops  at  X  3075,  but  that  region  is  much 
disturbed  by  the  superposition  of  the  spectrum  of  another  order. 
The  map  by  Higgs,  which  is  better  in  that  region,  does  not  go 
beyond  X  3000.  Cornu  published  a  drawing  which  extended  to 
X  2920,  based  on  the  photographs  made  by  Simony  at  the  Pic  of 
Teneriffe,  but  such  a  drawing  does  not  have  the  same  authentic 
value  as  a  direct  reproduction.  We  have  succeeded  in  obtaining  a 
plate  which  has  in  all  that  part  of  the  spectrum  a  suitable  exposure 
in  spite  of  the  great  variation  in  the  intensity,  by  varying  the 
exposure  time  along  the  region  of  the  spectrum.  For  this  purpose 
a  shutter,  movable  by  hand  by  a  micrometer  screw,  was  displaced  in 
the  focal  plane  of  the  first  spectroscope  in  accordance  with  a  law 
experimentally  determined  for  making  the  impression  almost  uni- 
form through  the  whole  spectrum.  This  shutter  was  moved  toward 
short  wave-lengths,  so  as  to  occult  successively  the  different  regions 
of  the  spectrum;  in  this  way,  in  going  from  X  3020  to  X  2930,  the 
time  of  exposure  varied  in  the  ratio  of  from  i :  1000.  We  made 
thus  two  plates,  one  containing  the  region  from  wave-lengths 
shorter  than  X3022,  the  other  extending  from  X  3000  to  X3150. 
Plate  III  gives  a  positive  reproduction  of  these  two  spectra, 
enlarged  about  10  times.  The  original  plates  have  been  measured, 
and  with  the  use  of  the  iron  lines  in  the  solar  spectrum  as  standards, 
we  have  obtained  a  table  of  wave-lengths  between  X  2898  and 
X  3050.  This  table  will  soon  be  pubhshed  in  the  Journal  de 
Physique. 
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STUDIES  BASED  ON  THE  COLORS  AND  MAGNITUDES 
IN  STELLAR  CLUSTERS 

NINETEENTH  PAPER:    A  PHOTOMETRIC  SURVEY  OF 
THE  PLEIADES' 

By  HARLOW  SHAPLEY  and  MYRTLE  L.  RICHMOND 

ABSTRACT 

Survey  of  photographic  and  photo-visual  magnitudes  of  821  stars  in  four  square 
degrees  in  the  Pleiades. — The  photometric  study  of  a  region  two  degrees  square,  with 
Alcyone  in  the  center,  was  undertaken  to  supplement  Trumpler's  study  of  the  proper 
motions.  The  results  of  measurement  of  30  photographs  made  with  the  60-inch 
reflector,  comprising  a  total  of  290  exposures,  are  given  in  Table  IL  There  are  no 
abnormally  large  color-indices.  This  is  the  first  star  cluster  for  which  comprehensive 
data  for  dwarf  stars  have  been  secured. 

A  detailed  study  of  the  proper  motions  of  over  a  thousand 
stars  in  the  neighborhood  of  the  Pleiades  by  Dr.  Trumpler  has 
shown  that  the  cluster  contains  in  the  central  field  of  4  square 
degrees  about  200  members  brighter  than  the  fourteenth  magnitude. 
The  parallax  of  the  Pleiades  is  of  the  order  of  of 01;  hence  the 
absolute  magnitudes  of  the  main  bulk  of  the  cluster  stars  lie 
between  +5  and  +9.  As  this  is  one  of  the  few  stellar  groups 
in  which  the  color,  frequency,  distribution,  and  motions  of  dwarf 
stars  can  be  investigated  successfully,  a  study  of  the  photographic 
and  photovisual  magnitudes  was  begun  at  Mount  Wilson  three 
years  ago  in  order  to  supplement  Dr.  Trumpler's  work  on  proper 
motion. 

The  comparison  of  the  Mount  Wilson  magnitudes  and  colors 
with  the  work  of  other  observers  will  be  made  in  Trumpler's 
monograph,  which  will  also  include  a  full  discussion  of  the  structure 
of  the  system  of  the  Pleiades. 

For  each  catalogued  magnitude  the  average  number  of  images 
measured  is  approximately  four,  and  the  average  probable  error 
is  of  the  order  of  0.06  mag.  Only  the  final  results  of  the  photo- 
metric work  are  given  in  the  present  paper.     Information  relating 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  218. 
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to  the  photographs,  measures,  and  reduction  for  any  individual 
star  can  be  obtained  by  communicating  with  the  Mount  Wilson 
Observatory. 

In  order  to  cover  with  the  6o-inch  reflector  a  region  2  degrees 
square  (Alcyone  at  the  center),  it  was  necessary  to  divide  the  area 

TABLE  I 
Photographs  of  the  Pleiades 


Plate  Number 


Kind 


Date 


Fields 


4072 

4073 
4183 
4184 

4185 
4300 

4301 
4680 
4681 
4682 

4765 
4766 
4767 
4768 
4769 

4849 
4850 

4851 
4852 
5026 
5027 
5043 
5056 
5118 
5154 
5155 
5607 
5608 
5609 
5610 


S  27 
S  27 
Iso 
S  27 
S  27 
Iso 
S  27 
S  27 
Iso 
S  27 
Iso 
S  27 
S  27 
Iso 
S  27 
Iso 
S  27 
Iso 
S  27 
S  30 
S  30 
Iso 
Iso 
Iso 
S  30 
S  30 
Iso 
S  30 
S  30 
Iso 


1917  Oct.  12 
Oct.  12 
Nov.  II 
Nov.  II 
Nov.  II 
Dec.  20 
Dec.  20 

1918  Sept.  I 
Sept.  I 
Sept.  I 
Nov.  I 
Nov.  I 
Nov.  I 
Nov.  I 
Nov.  I 

1919  Feb.  25 
Feb.  25 
Feb.  25 
Feb.  25 
July  23 
July  23 
Aug.  22 
Sept.  21 
Oct.  31 
Dec.  18 
Dec.  18 

1920  Sept.  14 
Sept.  14 
Sept. 14 
Sept.  14 


,  20 

21, 

,  26 

27, 

,  23 

N. 

,  23 

N. 

,  24 

N. 

,  14 

15, 

,  14 

15, 

,32 

33, 

,32 

33, 

,  7 

13, 

,  ID 

N. 

,  10 

N. 

)  7 

N. 

,  8 

Q, 

,  8 

9, 

,  20 

21, 

,  2 

3, 

,    3 

N. 

,  3 

N. 

,  12 

18, 

,33 

N. 

,  26 

27, 

,  2 

3, 

1  12 

18, 

,  16 

22, 

,  22 

27, 

,  22 

21, 

,  21 

N. 

,  15 

16, 

,  16 

8, 

17,18 
17,18 
35,36 
35,36 
25,31 


II,  12 
II,  12 


22,  23,  24 
28,  29,  30 

P. 

P. 

P. 
16, 
16, 

34, 
34, 
19, 

P. 

P. 

P. 
10, 

ID, 
22, 

4, 
P. 
P. 

24,  30,  36,  N.  P. 

P. 
28, 

4, 
24, 
N. 
28, 
N. 

P. 
22 

2,  20,  26 


23,  24 
5,    6,N.P. 


29,  30 
5,    6 

30,  36 
P. 

N.  P. 
P. 


into  36  equal  fields,  the  centers  of  adjacent  fields  being  separated 
by  about  20'. 

The  scales  of  the  photographic  and  photovdsual  magnitudes 
were  determined  by  comparison  of  these  fields  with  the  North 
Polar  standards^  and  with  each  other.  The  list  of  photographs  in 
Table  I  shows  how  the  various  fields  were  intercompared  and  con- 
nected with  the  Pole.     Each  plate  was  given  two  separate  exposures 

^  Scares,  Mt.  Wilson  Contr.,  No.  97;  Astrophysical  Journal,  41,  206,  1915. 
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to  each  of  three  or  more  fields,  with  exposure  times  of  one  minute 
and  five  minutes,  respectively,  for  photographic  and  photovisual 
magnitudes.  Yellow  filter  C  was  used  with  the  isochromatic 
plates  (Cramer  Instantaneous).  The  measures  and  reductions 
were  made  according  to  the  methods  generally  used  for  photometry 
at  Mount  Wilson. 

The  photometric  catalogue.  Table  II,  contains  in  the  first  three 
columns  the  number  in  Trumpler's  forthcoming  catalogue  and  the 
abbreviated  positions  for  1900.0  from  the  same  source.  The  fourth 
and  fifth  columns  contain  the  photographic  magnitude  and  color 
index  determined  at  Mount  Wilson.  In  the  sixth  column  the  first 
number  for  each  star  refers  to  photographic  plates,  the  second  to 
photovisual  plates. 

All  stars  brighter  than  ii.o  photographic,  or  lo.o  photo\asual, 
are  omitted  from  our  catalogue.  Those  stars  whose  magnitudes 
are  disqualified  by  the  proximity  of  the  photographic  images  of 
other  stars  are  also  omitted.  A  few  of  the  stars  catalogued  are 
probably  variable;  the  data  relative  to  them  will  be  published  by 
Trumpler. 

The  color  indices  of  753  stars  are  given  in  Table  II;  five  of  them 
are  negative;  only  two  exceed  +2.00.  For  26  stars  there  are 
photographic  magnitudes,  but  no  color  indices;  for  42  stars  there 
are  photovisual  magnitudes  only.  The  total  number  of  stars  in 
our  catalogue  is  821. 


326 


HARLOW  SHAPLEY  AND  MYRTLE  L.  RICHMOND 


TABLE  II 
Catalogue  of  821  Stars  ix  the  Plei.\des 


Trump- 
ler  No. 


3 

4 
S 
9 

10 
II 

12 
13 
14 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
31 

32 

33 
34 
iS 
36 

37 
38 
39 
40 
41 

42 
43 
44 
45 
46 

48 
49 
52 
54 
55 

S6 
57 
58 
59 
60 

61 

62 
63 
66 
67 


R.A. 

1900 


3''37" 
6?  3 
7.9 
8.5 

11. 0 

12.6 

16.0 
16.8 

16. Q 

17. 1 
17.8 


22.7 
22.8 


23.0 
23.2 

23-7 
24.2 
25-3 

25-5 
25.7 
26. s 
27.5 
28.7 

28.9 
29.7 
30.4 
34.2 
34.3 

36.8 
37.4 
37.5 
37.7 
39.0 

39-1 
40.6 
42.0 
42.1 
42.9 

44.9 
45-1 
46.9 
49 -o 
49-5 

50.0 
52.0 
53-3 
53-6 

54-2 

56.5 
57.0 
57-2 
58.2 
58.3 


Decl. 
1900 


24  41.3 
24  29.3 
24  47.7 
24  33 -o 
23  1-4 

22  50.4 

23  36.8 
23  17.2 

23  SI. 4 

24  46.5 

23  16.0 

24  29.6 
23  14.7 

23  56.1 

24  5-8 

22  55-7 
24  39-9 

23  32. 5 

24  22.2 

23  16.7 

24  10. I 

23  42.8 

24  31. I 
22  s6.8 
24  18.0 

22  s8.3 

23  21.2 

22  54-5 

24  38.6 
24  20.1 

23  21.4 

24  27.8 
24  16.5 
24  16.2 

23  26.7 

24  36.1 

22  52.3 
24  25.4 
24  32.4 

23  13. I 

22  56.8 

23  28.3 

24  45.7 
24  39  o 
24  38.4 

24  41.2 

23  43-3 

22  53.7 

24  44.7 

23  55.8 

23  14.6 

22  56.3 

23  2.8 

24  44-4 
23  22.8 


Pg. 

C.I. 

No.ol 

Mag. 

Plates 

14-54 

0.35 

3,3 

.11.89 

1,- 

13.17 

1. 61 

III 

14.00 

0.49 

4,1 

14.14 

0.63 

2,1 

13-61 

1 .06 

2,1 

14.30 

0.72 

2,2 
i>i 
1,1 

13.92 

1.07 

13.73 

0.73 

3,3 

13.04 

1.94 

1,1 

14.72 

0.47 

4,1 

13-67 

O.S9 

1,1 

14-43 

1.71 

1,1 

12.52 

0.38 

1,1 

13.24 

1-53 

2,1 

14.39 

0.8s 

3,3 

14.29 

0.54 

3,3 

14.55 

1-15 

1,1 

14.09 

0.39 

1,2 

.,1 
2,2 

13-94 

0.54 

14-27 

1.05 

4,3 

13-68 

0.73 

2,1 

14.03 

l.OI 

4,4 

12  .12 

1.62 

2,1 
•  ,l 

2,1 

4,3 

14-42 

0.64 

12.23 

0.47 

1,1 

11.04 

0.34 

1,2 

14.90 

1.37 

4,4 

14.49 

0.62 

1,1 

14-52 

0.80 

1,1 

11-94 

0.65 

5,i 

12.66 

1.26 

4,3 

14-63 

1.68 

1,1 

14-03 

0.23 

1,1 

12.58 

0.43 

4.3 

•>2 

2,1 

13.15 

0.39 

14.40 

0.50 

3,3 

14.18 

1.80 

3,3 

12.18 

0.87 

4,3 

13-43 

0.36 

4,3 

12.34 

0.67 

3,3 

12.16 

0.72 

2,2 

11.42 

1.26 

2,1 

14-14 

0.45 

3,3 

11.76 

0.36 

1,1  . 

1512 

1. 14 

1,2 

13-61 

1..S6 

2,1 

11.70 

0.87 

2,1 

14.71 

0.74 

3,3 

13.46 

0.54 

1,2 

Trump- 
ler  No. 


87 


91 
92 
93 
94 
95 

96 
■97 

98 

99 
100 

loi 
102 
103 
106 
107 

108 
III 
112 
113 
114 

IIS 
117 
119 
120 
122 

123 
124 
124a 

125 

126 
127 

128 

129 
129a 

130. 


R.A. 

1900 


3''37" 
58!9 
59-3 
59-8 
3h38m 

2.0 
2.3 
3-2 
4-1 
5-2 

5-6 
7.0 
7.0 
7-1 
7-5 


8.5 

9-2 
9-7 
10.4 
13-4 


15.2 
15.8 
16. 1 
16.2 
16.6 

16.6 
16.6 
17.0 


•  22 


24.1 
25.6 
27.4 
28.4 
28.9 

32.0 
34.8 
34-9 
38.4 
38.5 

39.0 
39.1 
39-1 
39-3 

42.2 


Decl. 

1900 


23°56:o 

23  26.1 

24  12.9 

23  55 -8 

24  8.3 
23  49-8 
23  53-1 

22  54.6 

23  13.6 
23  48.9 
23  55.6 
23  17.0 

23  52.3 

24  25.9 
24  41.2 
23  45.4 

23  57.6 

24  4-8 

24  1.6 
24  1.2 
24  12.2 

23  55. 8 

24  25.2 

24  18.4 
24  14.4 
24  27.8 
24  5-2 
23  3-8 

23  43.0 

24  45-4 
23  42.9 

23  57-4 
22  51.3 

24  28.8 

22  49.2 
24  14.5 
24  27.4 

23  56.7 

24  27.2 

23  12. I 

24  6.6 

23  21. I 

24  16.4 

24  23.9 
23  3.8 
23  3.9 

23  22.4 

24  43-4 

24  38.8 
23  24.4 
23  44-8 

23  41.2 

24  II. 7 


Pg. 

Mag. 

C.I. 

11.09 

0.99 

13-24 

0.61 

13-85 

0.41 

12.29 

0.27 

II  .62 

1.27 

11-79 

0.47 

13-86 

0.81 

11.32 

-0.08 

14.18 

O.S4 

13.07 

0.31 

13.07 

0.74 

13.07 

—0.09 

13-75 

0.67 

13-97 

0.69 

14-34 

0.47 

12.08 

0.32 

14.09 

1.37 

13-95 

0.51 

14-03 

0.59 

11.65 

0.41 

14.63 

11.20 

0.70 

12.15 

0.82 

12.64 

0.62 

12.33 

1.09 

12.28 

0.58 

12.91 

0.58 

11.04 

0.31 

13-80 

0.92 

11-55 

0.93 

12.26 

0.06 

14.14 

0.87 

13-88 

1.07 

13-53 

1.39 

12.13 

0.8s 

13  8s 

0.37 

14.09 

0.17 

14.89 

0.49 

13.71 

0.84 

14.21 

0.49 

14.41 

0.71 

13-64 

O.S7 

13-22 

1.80 

15-68 

1.48 

11.89 

0.76 

No.  of 
Plates 


1,1 

3,4 
.,1 

1,1 
1,2 
2,3 
1,1 
2,1 

1,2 

3,3 
1,1 

1,2 
I.I 

1,1 

3,3 
3,2 
1,1 
1,1 

1,1 

-,l 
-  ,1 
1,1 

1,. 
•  ,l 

2,2 


2,2 
3,3 
2,2 
1,1 
2,1 

1,2 
2,1 
-.1 
2,2 
1,1 

2,2 
1,1 
1,1 
1,1 

1.2 

1,1 
I.I 
1,1 
1.2 

5,S 

5,5 
1,1 
2,2 
2,1 
1,1 
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Trump- 

R.A. 

Decl. 

Pg. 

C.I. 

No.  of 

Trump- 

R.A. 

Decl. 

Pg. 

C.I. 

No.  of 

ler  No. 

1 900 

1900 

Mag. 

Plates 

ler  No. 

1900 

1900 

Mag. 

Plates 

3''38'° 

3''39"' 

131 

42?  8 

24"'3o:2 

-.1 

187 

2S?9 

24°34{3 

2,2 

132 

44-7 

24     S.o 

12.42 

0.62 

2,2 

188 

26.1 

24    2S.I 

uisi 

0.84 

1,1 

133 

44.9 

23     2.9 

14.02 

0.62 

2,1 

189 

27.2 

24  24.8 

14.66 

l.OO 

1,1 

134 

45-2 

23  58.2 

13.81 

0.5S 

4,3 

190 

27.2 

23     9.5 

13.15 

0.67 

1,2 

135 

45.8 

24  35-3 

14.64 

0.49 

5,3 

192 

29-5 

23  45.3 

14.05 

0.59 

4,2 

136.... 

137 

138.... 

140 

141 

46.2 
47-3 
48.6 
SI. 9 
52.6 

24  44-6 

23  55-0 

24  24.0 
24  3S.8 
24  34-4 

13-90 
12.11 
13-41 
14 -SO 
14.12 

0.58 

0.64 
1.29 

1-14 
0.62 

4,3 
4,3 
2,1 
4,3 
3,3 

193 

194 

196. . . . 

197 

199 

29.5 
29-7 
30.4 
31-I 
32. 5 

23  10.3 

24  12.6 
24  18.0 
23     7.0 
23  55-8 

12.58 
14.32 
14.12 
12.90 
13-80 

0.67 
0.79 
0.72 
0.82 
1.46 

1,2 
1,1 
I.I 

4,3 
3,2 

200 .... 

33-0 

22  48.0 

13-12 

0.94 

3,1 

142 

52.7 

23  50.8 

13.24 

1.78 

3,2 

201 .... 

33-0 

22  56.6 

13.82 

0.98 

3,1 

143 

52.9 

23  44.3 

13-28 

I,. 

202 .... 

33-2 

23     5-1 

13.00 

0.64 

4,3 

144 

53.2 

24    6.1 

14.95 

0.84 

3,2 

203 

33-9 

23   26.8 

14.80 

1.22 

2,3 

145 

53-3 

23  16.4 

11.13 

I,. 

204 .... 

35-1 

24  42.2 

14.09 

0.69 

2,2 

146. . . . 

S5.0 

23     4-5 

14.11 

0.75 

2,1 

20s 

35-8 

23  33.4 

13.98 

1.06 

1,1 

206 .... 

36.0 

23   59-4 

14.02 

0.96 

3,2 

147 

SS.7 

24  37-7 

14.20 

0.63 

3,3 

207 

36.0 

23   18.4 

13.83 

0.80 

1,2 

ISO 

S7.0 

24  24.9 

14-03 

0.91 

1,1 

207a... . 

37-0 

23  41-5 

15  98 

1.38 

1,1 

151 

57.9 

23  36.4 

11 .62 

0.71 

2,1 

209 .... 

38.1 

22  S7-2 

13.98 

0.58 

3,1 

152.... 

58.7 

24  28.4 

13-04 

1 .12 

1,3 

153 

S9-3 

24     7.1 

11.02 

0.60 

3,3 

210.  .  .  . 

38-4 

24  35-3 

11.84 

1.07 

2,2 

154 

59-9 

23     3-2 

13-95 

0.64 

3,1 

211 .... 

38-8 

24  11.2 

12.54 

0.48 

I>I 

212  .... 

38.8 

23  36.8 

13-92 

0.64 

1,1 

213 

214.  .  .  . 

390 
39-8 

23  46.2 
23     2.5 

4,2 

3''39" 

23  46.5 

14-18 

o!78 

3,1 

1540— • 

0.7 

14-90 

1.33 

4,2 

IS5 

2.4 

23  38.0 

14-84 

1. 11 

1,1 

216.  .  .  . 

41.2 

23  36.0 

13.98 

0.83 

1,1 

156 

3.7 
5-3 

24  16.2 
23  46.6 

13-52 
14.12 

1.80 
o.s6 

1,1 
4,2 

217 

218 

42. 5 
43.7 

24  18.8 
24  36.3 

1,1 

157 

14.16 

0.63 

2,1 

1573.... 

6.9 

23     9-4 

14.94 

1.26 

1,2 

220. .  .  . 

221  .... 

43-7 
43.8 

23  26. 5 

24  35-6 

13-38 

1.18 

2,3 
2,2 

158 

7-5 

23  3I-S 

13.11 

1.30 

1,1 

IS9.... 
160 .... 

8.4 
8.5 

24  40.3 
23     4.8 

14.61 
13.98 

0.79 

2^2 

222  .... 
223 

43-8 
44-5 

24  44.6 
23  58.5 

14-32 

1.07 

2,2 
2,2 

O.S3 

4,2 

0.82 

161 

9.0 

24  43.0 

12.82 

0.40 

2,2 

224 

44-6 

24     7-1 

12.12 

4,3 

164 

10.4 

24  27.4 

14.00 

0.36 

2,3 

22s 

226 

46. 5 
46.7 

23  57-4 

24  24.0 

12.64 
12.48 

0.68 
1. 45 

3,2 

1,1 

i6s.... 

10.9 

24  21.6 

13.98 

O.S4 

1,1 

227 

47.1 

24  40.4 

12.84 

0.86 

3,2 

167.... 

12.7 

24  10.2 

11.56 

0.43 

2,1 

228 

47-7 

23   54-4 

11 .46 

0.48 

3,2 

167a 

12.8 

24  28.9 

15-60 

1.26 

3,2 

2280 

47-7 

-3  45-7 

15  20 

0.69 

2,1 

168.... 

14.8 

24  46.4 

14-49 

0.74 

2,2 

229.  .  .  . 

SO. 3 

24  33-9 

13-59 

0.64 

2,2 

i6g. . .  . 

iS-i 

23  34-8 

13-44 

0.92 

1,1 

230 

232 

51.2 
52.5 

23  11.2 

24  6.8 

1,1 

12.12 

1. 18 

4,2 

1700... . 

16.0 

24  30.7 

15-74 

1. 16 

2,2 

236  .... 

55-3 

23   18.4 

13.44 

1. 14 

1,2 

171 

16. 1 

23  48.6 

12.86 

1.26 

3,2 

237 

56.2 

24  41.2 

14.94 

0.64 

3,3 

172 

16.9 

24  43   I 

14.36 

0.62 

2,2 

238.... 

56.3 

24  29.3 

12.93 

0.68 

1,2 

173 

17. 1 

24  37-2 

13-25 

0.62 

2,2 

239     ■•  • 

56.7 

23     7-1 

12.44 

0.24 

1,2 

174 

18.2 

22   58.9 

13-03 

0.8s 

3,1 

241 

57-8 

23  56-3 

13.75 

1.84 

3,2 

241a 

59-9 

23     8.6 

14.70 

1 .20 

1,2 

17s  .... 

18.4 

24     9.7 

15.00 

1.42 

2,3 

31140™ 

22  49.8 
24     3-8 

13.8s 

176 

19-3 

24  34.4 

12.45 

0.38 

2,2 

242 

0.1 

1. 01 
0.61 

4,1 

178 

19.8 

24   24.6 

12.20 

0.36 

1,1 

243 

o.S 

14.11 

3,2 

22.0 
22.6 

24  33-4 
23   50.3 

14.02 
13-68 

0.49 
0.49 

2,2 
3.2 

244 

.244a 

245 

0.7 

1.8 
4.0 

24  44-3 
24  12.8 
24  31.6 

2,2 

179 

181 

15.04 
12.84 

"oiSo 
0.50 

1,1 

3,2 

182.... 

22.8 

24  40-5 

14.64 

0.69 

2,2 

246 .... 

4.1 

24    6.6 

14.29 

0.66 

I.I 

183.... 

23.1 

23  51-9 

11.23 

0.39 

3,2 

248 

7-7 

23  43.9 

12.52 

2,. 

184 

i8s . .  .  . 

23. s 

24.1 

24  18.4 
23  47-6 

14.60 
14.42 

0.65 
0.71 

1,1 

249 

250 

7-1 
7.3 

23  25.5 

24  40.8 

.,2 

4,2 

11.10 

0.64 

2,3 

186 

25. 6 

23   24.8 

13-22 

0.70 

2,3 

251 

7.6 

24  42.3 

11.02 

0.12 

3,3 
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Trump- 

R.A. 

Decl. 

Pg. 

C.I. 

No.  of 

Trump- 

R.A. 

Decl. 

Pg. 

C-I. 

No.  of 

]er  No. 

1900 

1900 

Mag. 

Plates 

ler  No. 

1900 

1900 

Mag. 

Plates 

3''40™ 

3''40™ 

252-  ••  ■ 

7?  9 

24° 26^0 

14.40 

1.25 

2,1 

317 

40?  0 

22°48;i 

14-35 

0.44 

2,1 

253 

8.9 

24  IS -3 

14  03 

1.41 

1,1 

318.... 

40.1 

24  1.9 

12.89 

0.71 

2,2 

2S4 

9.0 

24  34-2 

14-3° 

0.89 

3.3 

319 

40.1 

24  38.9 

11.12 

0.69 

1,2 

2SS 

9.1 

24  31-7 

13.96 

0.78 

2,2 

321 

40.4 

24  37.7 

14.20 

1.08 

2,2 

257 

9.3 

24  I5-0 

14.66 

1. 19 

i|l 

322 

41.3 

24  12.6 

14.52 

0.96 

1,1 

258.... 

9-4 

22  59.8 

14.11 

0.99 

4,1 

323 

41-7 

24  30. 5 

13-76 

0.61 

2,3 

259 .... 

9.4 

24  33.3 

12.88 

0.74 

2,3 

324. - . . 

41.8 

23  28.6 

2,2 

260 .... 

9-9 

22  47.8 

14.08 

1.04 

2,1 

325 

42.0 

24  35-4 

14.04 

0.51 

2,2 

261 ... . 

10.9 

24  36.3 

13.98 

1. 12 

3,3 

326.... 

42.3 

23  41-0 

13.58 

0.9s 

2,1 

262 .... 

10.9 

24  37 -r 

13.85 

O.S3 

3,3 

328.... 

42.7 

24     2.4 

13-77 

0.26 

2,2 

263  ...  . 

II. 4 

24  35-8 

14.46 

1.08 

3,3 

329 

42.9 

23  43-1 

12. 80 

0.43 

2,1 

264 .... 

II. 4 

24  19.3 

14.07 

0.73 

1,2 

330 

45-0 

23  II. 2 

12.83 

0.52 

1,1 

26s  ...  . 

II. 6 

23  44.9 

11.28 

2,. 

332 

46.5 

24  37-1 

13-75 

0.63 

2,2 

266 

II. 6 

22  54.4 

11.25 

'o.hs 

4,1 

333 

46.6 

23  56-7 

14.20 

0.79 

2,2 

267. .. . 

12.9 

22  49.2 

13.20 

1-59 

2,1 

3333--.. 

46.7 

23  56.7 

15.29 

1-07 

2,2 

268 

14.0 

24  18.6 

12.51 

0.70 

2,2 

334 

47-2 

24     0.1 

10.92 

0.28 

2,2 

269 .... 

15.0 

22  59.4 

14.64 

1-17 

2,1 

335 

47-3 

23     1-8 

14.06 

0.30 

2,1 

271 

15-7 

22  49.4 

13.96 

2,. 

336.... 

47. 5 

24  19.0 

14.17 

0.18 

1,1 

272 

16.3 

24  43.8 

13.74 

0.70 

3,3 

339 

490 

24  17-5 

14.47 

0.74 

1,1 

274 

17.2 

23  53-3 

13.85 

0.6s 

2,4 

340 

49.3 

24  3S-3 

14.28 

0.55 

2,3 

275 ...  . 

17. S 

24  18.7 

14-75 

1.28 

2,1 

341 

49.6 

23  30-9 

13.47 

0.32 

2,1 

276 

17.7 

24  45 -o 

14.19 

0.63 

3,2 

342 

50.5 

24  14-9 

13.41 

0.19 

1,1 

277 

17.8 

22  53.8 

14.03 

0.88 

3,1 

343 

52.3 

22  so. 5 

12.48 

0.89 

2,1 

278 

18.4 

22  49.0 

•  ,I 

344 

344a-.-- 

54.5 
55.2 

24  39-2 
24  13-3 

13.85 
14.84 

0.41 

1,2 

280 

19.2 

23  40.4 

13.79 

0.61 

2,1 

0.42 

1,1 

282 

20.4 

24  33. 5 

12.30 

0.66 

1,1 

345 

55.6 

23  51.7 

14.43 

0.53 

3,3 

283 ... . 

20.7 

24  30.6 

13.35 

0.39 

1,1 

347 

S6.6 

24  36.6 

11.90 

0.71 

2,2 

283a.. . . 

21.0 

23  36.4 

15.35 
14.55 

3,- 

348.... 
349 

56.6 
57.7 

24   29.2 
22  53-9 

-  3 

2836.... 

21.9 

24     1.2 

0.73 

2,2 

11.52 

0.99 

2,1 

28s  ... . 

22.8 

23  10.5 

11.55 

0.65 

1,1 

350 

'I',. 

23  16.4 

11.00 

0.22 

1,1 

287.... 

23. S 

23  43.4 

13.58 

0.30 

2,1 

3Soa.-.- 

3  41 
0.3 

24  10. 5 

15.18 

0.88 

3,3 

2870 

23-5 

23  36.3 

14.87 

0.51 

2,1 

351 

0.5 

23  30.4 

13.66 

0.51 

2|I 

288 

24.  S 

23  12. 5 

13.17 

0.76 

1,2 

352 

1.3 

24  46.6 

13.45 

1.29 

1,1 

289 

25.0 

24  IS. 5 

11. 00 

0.36 

1,1 

353 

1.6 

22  59.8 

13.98 

0.76 

2,1 

290 .... 

25.1 

24  38.4 

14.05 

0.37 

2,2 

355 

2.4 

23  46.7 

12.60 

0.34 

4,3 

291 

27.0 

24    3.0 

13.52 

0.71 

2,2 

3S6.... 

2.4 

24     4-4 

11.30 

0.40 

3,3 

292 .... 

27.2 

24  42.3 

11.80 

1.62 

2,2 

357 

2.6 

24     1.2 

12.68 

1.36 

2,3 

293 

27-5 

24  38.1 

13.58 

0.40 

2,2 

358.-.. 

4.0 

23  40.3 

12.69 

0.85 

2,1 

294 

29-5 

23     0.6 

11.62 

1.20 

2,1 

3591.- •- 

5.5 

23  33-8 

14-41 

0.02 

2,1 

296 .... 

31.0 

24     7-4 

II. 51 

0.33 

1,2 

360 

5.8 

24  19-5 

12.29 

1.90 

1,1 

297 

32.4 

23  16.9 

13.56 

0.90 

1,2 

361.... 

6.1 

23  11. 1 

12.39 

0.96 

1,1 

298 

32.8 

23     3-8 

14.15 

0.59 

2,1 

362 ... . 

6.7 

22  57-5 

14.12 

0.70 

2,1 

299 

33.3 

24  44.8 

13.68 

0.70 

2,2 

363..-- 

7.0 

22  49.6 

13-86 

0.58 

2,1 

300 

33.7 

23     4.0 

14-34 

0.68 

2,1 

364 

7-1 

23  23.8 

14.12 

0.32 

1,1 

302 

34.4 

22  47.6 

14.06 

0.54 

2,1 

366 

10.2 

24  33.6 

12.67 

0.39 

1,2 

303 

34. S 

24     1.3 

13.74 

0.26 

2,2 

367-..- 

10.4 

23     7-4 

13-92 

0.44 

2,3 

304 

34.7 

24    0.7 

13.93 

0.27 

2,2 

368.... 

10.6 

24  12.9 

14.01 

1.07 

1,1 

305 

34.9 

24  36.9 

14.38 

0.06 

2,2 

369 

11. 0 

23  24.3 

12.87 

0.56 

1,1 

305a.... 

35-4 

23  58.2 

15.36 

0.90 

2,2 

370 

II. 9 

23  10.2 

13-79 

0.41 

1,1 

306 

35.6 

22  52.3 

12.32 

o.SS 

2,1 

370a.... 

12.8 

23  24.0 

14-32 

1. 10 

1,1 

3060.... 

35.6 

23  40.3 

14-59 

1-03 

2,1 

371 

12.9 

24  46.3 

14-79 

0.77 

1,1 

307 ... . 

36.1 

23  33 -o 

II. 41 

0.08 

2,1 

373 

13.2 

24  48.4 

11.52 

0.30 

1,2 

308.... 

36.4 

24  16.6 

14.21 

0.41 

1,1 

374 

13.3 

24     7.5 

14-07 

0.56 

3,3 

309 

37.4 

23  49.6 

12.23 

0.32 

3,2 

375a  .-- 

14.3 

23  44-0 

14-59 

0.34 

2,2 

310 

37-5 

23   32.1 

13.41 

1.07 

2,1 

376--.. 

14.3 

23  53.6 

14.16 

0.34 

2,2 

312 

38.7 

24  27.5 

13.86 

0.10 

1,2 

377 

16.0 

24  29.4 

14-75 

0.77 

2,1 

313 

38.8 

23  39-0 

11.90 

—0.06 

2,1 

378.... 

17.7 

23  24.2 

13-17 

0.68 

1,1 

314 

38.8 

23   29.3 

13.78 

0.58 

2,2 

379...- 

18.0 

23  48.4 

13-86 

0.48 

4,3 

31S 

38.8 

23  40.7 

13.37 

0.62 

2,1 

380.... 

18.3 

23  S3.0 

13-03 

0.59 

2,2 

316.... 

39.7 

24  26.2 

12.70 

0.52 

I.I 

382  ... . 

20.4 

23  30. S 

11-50 

0.83 

2,1 
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Trump- 

R.A. 

Decl.     1 

Pg. 

C.I. 

No.ofl 

Trump- 

R.A. 

Decl. 

Pg 

C.I. 

No.  of 

ler  No. 

1900 

1900     [ 

Mag. 

Plates 

ler  No. 

1900 

1900 

Mag. 

Plates 

3h4ini 

3h4im 

383.... 

20«7 

24°   4^8 

13.62 

0.86 

2,2 

451 

57?  0 

23°29lo 

13.8s 

0.50 

3,2 

384 ... . 

20.9 

23  36.2 

12.44 

1.42 

3,2 

452.... 

58.0 

23  30.8 

13.80 

0.78 

2,2 

385 ... . 

21  .2 

24     8.6 

12.96 

1.06 

3,3 

453 

58.3 

23  59-6 

13.96 

0.42 

4,5 

385a.... 

21.2 

23  47-4 

15.17 

0.83 

3,3 

454 

58.8 

24  42.2 

11.77 

l.OI 

4.3 

386 ... . 

21.4 

24  19.9 

13.93 

0.25 

3,2 

455  ...  • 

S9.0 

22  54.2 

14.26 

0.40 

3,2 

388.... 

21.8 

22  56.5 

13.99 

0.71 

4,1 

456 

SO.o 

24  27.2 

13.34 

0.74 

4,3 

389.... 

22.4 

24  33-8 

13.39 

0.68 

4,2 

457 ... . 

59.2 

23  22.8 

13.72 

1.05 

2.3 

390a.... 
392 

22.6 

23  38.4 
23  41. 5 

14.66 
13.92 

0,62 

3,1 

3,2 

4S8  .  .  .  . 

59.8 

23     7.7 

■  A 

23.2 

0.72 

393 

23-5 

24  39-3 

14.82 

0.75 

5,3 

3h42m 

394 

24.1 

23     0.2 

13.87 

1.35 

4.1 

459 

0.0 

23  23.2 

11.96 

0.23 

2,3 

396 

24-3 

23  46.2 

13.7s 

0.73 

3,3 

460 .... 

0.1 

24     1.2 

14.25 

0.49 

4.S 

398 ...  . 

26.1 

24  44.6 

13.98 

I-15 

5,3 

461 .... 

O.I 

23  26.0 

14.13 

0.25 

3,4 

400 .... 

27-5 

23  14.6 

II. i8 

0.24 

3,3 

462  .... 

0.3 

23     9-4 

11.56 

0.17 

2,3 

401  .... 

27  .7 

23  36.3 

.,1 

463 

464 .  .  .  ■ 

0.7 

23   17.0 

13.43 

0.37 

3.4 

401a 

28.1 

23  46.8 

15.08 

1.46 

3,3 

0.7 

24  25.8 

13.88 

0.67 

4.2 

403 

28.4 

24  21 .0 

11.40 

0.18 

2,3 

46s 

0.8 

24  26.0 

13.90 

0.22 

4.2 

404a.... 

28. s 

23  35-3 

14.83 

0.81 

1,3 

466 ... . 

1.4 

24  25.4 

14.51 

0.93 

3,2 

40SO.... 

28.7 

24  16.6 

15.28 

0.49 

4.1 

467 

1.5 

23     7-5 

12.76 

0.28 

4.4 

406 .... 

293 

24  37.0 

15.06 

1-39 

5,4 

468 ... . 

1.5 

22  53.0 

11.58 

2.. 

407 

29.4 

24  II. 9 

13.82 

0.48 

3,2 

469 

1.6 

23  40.8 

13.8s 

0.46 

3,3 

408 

29.8 

23   192 

13.43 

1.24 

3,2 

470 

1.8 

23   16.7 

13-94 

1.05 

3.4 

409 

30.4 

23   13-9 

11.92 

1.22 

3,3 

471 

2.1 

22  53.2 

13.96 

0.73 

3,1 

4H 

31.2 

24  14-8 

12.30 

1.70 

4,3 

473 

2.7 

23     7.0 

14.31 

0.42 

4,4 

4IS 

33. 5 

23  38.6 

13.89 

0.96 

4,3 

475  ...  . 

4.6 

23  34.2 

12.49 

1.14 

2,2 

416. . .  . 

34.0 

24  14.9 

14.56 

0.60 

4,2 

476 ...  . 

S-i 

23  46.7 

13-SI 

1-53 

S.S 

417 

34.2 

24  46.2 

14.32 

0.76 

4,4 

477 

1-^ 

23  20.1 

11.94 

0.26 

2.3 

417a..  •• 

34-5 

24     0.2 

15.62 

0.96 

2,3 

478 ... . 

6.0 

24  17.4 

14.60 

0.36 

4.2 

418 

34.7 
34.8 

24  29.1 

1,1 

479 .... 

7.0 

24  33.4 

11.28 

—0.12 

3,2 

419 

24  17.7 

14.76 

0.51 

4,2 

481 

8.1 

24  36.0 

14.90 

0.52 

3,2 

420. . . . 

35.6 

24  22. S 

13.92 

0.96 

4,3 

482 

8.4 

23  45.8 

13.52 

1.24 

3,5 

421 

36.2 

23  39.4 

14.14 

0.28 

4,3 

483  ...  . 

9.4 

24    9.9 

12.67 

0.59 

6,5 

422.  .  .  . 

36.4 

24  II .6 

13.80 

1.27 

4.3 

484 ...  . 

95 

23     4.4 

11 .04 

0.88 

1,2 

423 

37.0 

23  22.2 

13.66 

0.49 

3,3 

485  ...  . 

95 

24    8.6 

14.54 

0.21 

6,5 

424 

37-9 

24  13.6 

12.00 

1.66 

4,3 

487  ...  . 

11 .0 

24  34.7. 

13   28 

0.36 

3,2 

42s 

38.7 

23  54.3 

13-57 

1.07 

5,4 

488 ...  . 

11.2 

23  .S3. 4 

12.56 

0.24 

2,2 

426. . . . 

40.9 

22  58.5 

13.56 

0.57 

4,2 

489.... 

11.2 

23  25.7 

14.21 

0.2s 

3,5 

428 

41.6 

24  46.4 

13-33 

0.77 

3.3 

490 

12. 1 

23  s6.3 

13.05 

0.4s 

3,3 

4280.... 

42.7 

23     9-5 

14.42 

1 .10 

3,3 

490a.... 

14.2 

23     8.1 

14.53 

O.S7 

2,4 

429 

43.1 

24  46. 5 

13.58 

0.90 

4,3 

491 

14.3 

24  47.4 

12.99 

0.31 

3,2 

430 

43-1 

24     3-3 

11.27 

0.39 

5,4 

492 

16.1 

23  41.4 

13.78 

1.88 

2,2 

431 

43-2 

24  22.6 

12.98 

0.40 

4,3 

494 

18.6 

22  56.6 

12.42 

0.40 

2,1 

432 

43-4 

23  41.6 

11.8s 

1 .06 

4.3 

495 

18.6 

24  44.4 

II  .22 

0.04 

3,2 

433 

43.6 

23  50.4 

12.53 

0.83 

4,4 

496 .... 

19.2 

23   20.6 

12.94 

0.99 

2,3 

434 

44.1 

23  49-7 

12.58 

0.86 

4,4 

497 

19.5 

23  59- 1 

13-39 

O.S3 

3,3 

435 

45. 0 

23  39.8 

14.31 

1.02 

4,3 

498  ...  . 

19.7 

22  51.7 

14.12 

0.03 

2,1 

436 

46.0 

23  58.3 

12.63 

0.66 

5,5 

498a.... 

19.9 

23   20.8 

14.48 

0.57 

2.3 

437 

46.3 

24  21.7 

14.56 

0.33 

4,2 

499 

20.8 

23  35.0 

11.05 

0.49 

1.2 

438.... 
440 

46. 5 
46.9 

22  48.2 
24  22.3 

12.88 
13.38 

0.22 

3,2 
4,3 

500 

501  ...  . 

21  .1 

23  19.7 

24  32.3 

.,2 

0.17 

21.3 

11.72 

0.12 

5,3 

441  ... . 

52.8 

24  22.2 

14.15 

0.32 

4.3 

502 

21.6 

24  28.0 

13.54 

0.50 

5,4 

442  .  .  .  . 

52.9 

24  IS. 7 

13.60 

0.36 

4,3 

503 

21.8 

24  22.0 

13.85 

0.40 

3,2 

443 

53-2 

24  33.4 

14.68 

°-57 

3,2 

504 

22.5 

23  45.2 

13  08 

1.16 

3,5 

444 ■  •  •  • 

53.4 

22  54.6 

11.64 

0.28 

3,2 

SOS 

23.6 

23  24.8 

13.43 

0.25 

3,5 

445 

53.7 

24     3.4 

12.47 

l.OI 

4,5 

507 

257 

24  32.2 

13.6s 

1.13 

3,2 

446 

55-5 

23     6.0 

13.48 

0.64 

4,3 

508 

26.2 

24  34-2 

11 .04 

0.12 

3,2 

447. . . . 

55-5 

24  27.8 

14.20 

0.59 

5,3 

509 

27.1 

23  17.0 

13.30 

0.23 

2,3 

448 

449  .  .  .  . 

S6.i 
56.7 

23  38.0 

24  47-7 

1,2 

510. .  .  . 

27.4 

22  57.6 

13 -99 

0.55 

2,1 

13.45 

0.39 

3,2 

511 

28.0 

24  41.2 

11.84 

0.52 

3,1 

450.  .  . 

56.9 

24  16.0 

14.30 

0.60 

4,3 

512 

29.1 

23  27.0 

13.87 

0.79 

4-5 
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Trump- 

R.A. 

Decl. 

Pg. 

C.I. 

No.  of 

Trump- 

R.A. 

Decl. 

Pg- 

C.I. 

No.  of 

ler  No. 

1900 

1900 

Mag. 

Plates 

ler  No. 

1900 

I  goo 

Mag. 

Plates 

31142" 

V 

3''43"' 

513 

29*2 

24°  o!o 

12.34 

O.II 

3,S 

575 

o!4 

24°44'9 

14.41 

0.58 

4,3 

S14 

SIS 

20.4 

2,"5  44.4 

1.3 
2,3 

576.  ..  . 

0.9 
1.7 

23  21.6 

13-98 
14-35 

0.38 
0.8s 

2,4 
4,5 

29-5 

23   19-7 

11.96 

0.2s 

577 

23  57.6 

S16.... 

31.7 

23  47.0 

13.84 

O.S4 

5,5 

578.... 

3-1 

23  34-7 

13-18 

1-39 

4,3 

S17 

32.1 

24  33-9 

13.58 

0.61 

3,2 

579 

3-3 

24   24.4 

13-74 

i-os 

2,1 

519 

32.7 

24     7-3 

13.24 

O.II 

4,4 

s8o.... 

3-6 

22  53-7 

12.40 

0.76 

4,2 

520 

330 

22   59.6 

13.50 

0.70 

2,1 

S8i.... 

4.0 

23  39-0 

14.63 

1 .11 

3,3 

S2I..  . 

33-5 

23  36.4 

13.92 

0.37 

2,2 

S8ia.... 

S-S 

23  47-8 

15.32 

1. 00 

1,1 

522 

33.8 

23  s8.o 

12.39 

0.94 

3,3 

582.... 

S.8 

24  18. I 

14.44 

0.33 

4,3 

523.... 

34.8 

24  21.0 

13-18 

0.22 

3,2 

583  ...  . 

6.3 

23  45-2 

13.83 

0.90 

1,1 

S24 

35.6 

24  4S-S 

11.24 

O.IO 

3,2 

584.... 

7.3 

22   56.8 

12.46 

0.58 

4,2 

S2S.... 

35.7 

23  18. 5 

13.94 

0.99 

2,3 

S8s .  .  .  . 

8.5 

24     5-4 

14.39 

0.84 

1-3 

526. . . . 

36.6 

23  36.1 

13.42 

1.04 

2,2 

586 ...  . 

9.1 

23      1.7 

13.44 

0.59 

1,1 

527 

37.2 

23  46.3 

14.25 

0.97 

3,5 

S86a.... 

9.8 

23  43-9 

14.49 

0.00 

1,1 

529. . .  . 

39.0 

24  34.1 

14.26 

0.52 

3,2 

587.... 

588.... 
589.... 

9.8 

24  10.3 

.,1 

530. . . . 

39.2 

23     7.6 

.  i3 

9.9 
10. 0 

23   28. 5 

11.03 
13.89 

0.70 
0.97 

1,1 

531  — 

39.4 

23  30.7 

12.76 



1-54 

2,2 

23   20.8 

1,3 

532. .  .  . 

39-6 

23  54-7 

13.12 

—0.03 

3,3 

S90 

591 

10.  2 

24   26.8 

.,1 

533 

39-6 

24   28.4 

14.47 

0.99 

4,3 

10. S 

23  39.6 

'i3'83' 

0.53 

4,3 

534 

41.4 

24   22.5 

11.96 

0.08 

3,2 

592 

10.9 

23  42.2 

13-67 

1. 01 

3,3 

535 

42.7 

24     8.8 

12.34 

0-4S 

4,4 

5926.... 

II .  2 

24     1 .0 

14-49 

0.05 

1,2 

536.... 

42.7 

23  14.4 

12.50 

0.13 

2,3 

S92C. . .  . 

ii.S 

24      I.O 

15.32 

0.78 

1,2 

537 

42.8 

24  27.9 

13-66 

0.40 

4,3 

593 

12.6 

23   19.4 

14.47 

0.48 

1,4 

538 

43-2 

23     0.7 

13.40 

0.63 

2,1 

595 

596 

597 

13. 2 

24  28.1 

.,1 

539.  .  .  . 

43.4 

24  37.4 

14. 12 

0.43 

3,2 

13.5 

24  19.8 
23  33.7 

.,! 

S40 

43-4 

23  28.2 

13-18 

1.30 

3,S 

13. S 

12.58 

0.50 

2,2 

541 

44.8 

22  59.5 

12.54 

0.27 

2,1 

598.... 

13.7 

23   16.2 

14.14 

0.44 

1,4 

542 

45-2 

24     1.4 

12.26 

0.99 

3,3 

600 .... 

13.9 

22  57.7 

14.01 

0.38 

1,1 

543 

45-2 

23  28.4 

13.76 

0.50 

3.5 

601 .... 

14-1 

23   18.3 

11.13 

0.17 

2,3 

544 

45-6 

24  10.5 

13.96 

0.18 

3,2 

603 ...  . 

14. S 

23  55.8 

12.59 

0.57 

2,3 

S4S 

45-9 

23  31.6 

14.27 

0-37 

2,2 

604 .... 

15.1 

23   13-4 

12.82 

1.38 

1,4 

546 

46.0 

24    0.9 

14.08 

0.97 

3,3 

60s 

iS.i 

23  45-4 

14.33 

1. 21 

i|I 

547- •  .  . 

46.8 

24  23.7 

14.  IS 

0.33 

3,2 

606 

15.4 

24   26.6 

.,t 

548.... 

47-7 

23  34-8 

13.40 

0.  26 

2,2 

608 ... . 

IS. 8 

22  S7.6 

11.06 

2.. 

549 

48.6 

24     1.2 

13.29 

0.36 

3,3 

609 .... 

16.5 

23     8.8 

14.44 

0.60 

1,3 

5SO.... 

48.7 

22  52.9 

14.24 

l.OI 

2,1 

610. .  .  . 

16.8 

24  10.3 

13.20 

0.60 

1,1 

552 

49  I 

23  SO. 4 

14.18 

0.46 

3,3 

612  .  .  .  . 

17.1 

23  11.0 

14.26 

0.28 

1,3 

553 

49-4 

24  27.4 

14-52 

0.50 

3,2 

612a.. .  . 

18.2 

24     2.2 

15.51 

0.87 

1,2 

554 

49  S 

23  20.0 

14-28 

0.94 

2,3 

613a.... 

20.2 

23  45. 7 

14.83 

1.02 

1,1 

555 

49.6 

22  53.2 

14-23 

0.30 

3,1 

614.  .  .  . 

20.4 

24     6.5 

12.37 

0.59 

2,3 

SS6.... 

So.o 

24  14.2 

14-35 

0.49 

3,2 

614a...  . 

21. 1 

23  SO. 2 

14.90 

0.40 

1,2 

557 

SO. 3 

23      1-9 

14-56 

1. 12 

2,1 

615.... 

21 .9 

23  S6.8 

12.96 

0.82 

2,3 

SS8.... 

SO. 4 

23   13-1 

11.22 

1-03 

2,2 

616.... 

22.0 

24  28.2 

13.47 

0.89 

2,3 

559 

SO. 5 

24  43 -o 

12.84 

0-34 

4,3 

617.... 

23.3 

24  43.4 

13-88 

0.3S 

2,2 

560 

50.8 

24   19.6 
24  25. I 

.,3 

3,2 

618 

23-3 
23.4 

23  43.2 

23  57. S 

12.87 
14.01 

0.25 

0.44 

2,1 

561 ... . 

51.0 

14.40 

0-50 

619.  .  .  . 

2,3 

562.... 

51.6 

23  57-6 

11.75 

0-59 

2,5 

620.  .  .  . 

23-5 

22  59.0 

13.97 

1 .01 

2,1 

563.... 

52.7 

23  40.2 

13.54 

0.76 

2,3 

621.... 

23. 5 

24  38.1 

14.92 

0.24 

2,2 

564 

52.7 

23     70 

13.34 

0.33 

1,2 

621a 

23.7 

23  SO. 8 

15.04 

1>- 

565.... 

53.0 

24  28.1 

14.37 

0.63 

2,1 

623.... 

24.2 

23  17.3 

i„.66 

1. 14 

1.3 

566.... 

53.2 

24  44.2 

14.88 

1. 00 

4,3 

624.  .  .  . 

26.0 

24  33.8 

13.98 

0.30 

2,2 

567.... 

54.2 

23  59. 0 

13-86 

0.44 

3,5 

62s.... 

26.4 

24  28.6 

13.84 

0.70 

3,3 

568.... 

55-5 

24   28.0 

14.65 

0.7S 

2,1 

626 

26.7 

24  37.9 

11.54 

0.88 

2,2 

569 

56.4 

24  24.3 

12.85 

3,. 

627.... 

27.1 

24  25.1 

13.81 

0.7s 

1,1 

569a.... 

57.6 

23  34.2 

15 -SO 

0.91 

1,3 

628 

27.6 

23  32.0 

12.07 

1.02 

2,1 

570 

S8.l 

23   50.0 

12.14 

0.52 

3,4 

630 

28.7 

23  10.2 

13.66 

0.84 

1,3 

571 

58.3 

23  27.6 

12.86 

0.00 

1,2 

632.... 

28.9 

23  29.3 

14.14 

2.19 

2,1 

572 

58.3 

23  31.6 

12.98 

0.41 

3,3 

633  ...  . 

29.4 

23  30.2 

12.76 

1.22 

2,1 

572a.... 

S8.7 

23   29.1 

15.02 

0.66 

1,2 

634 

30.4 

22  so. 8 

14.16 

0.61 

2,1 

573 

59. 4 

23  59.0 

12.55 

1. 19 

2,2 

635 ...  . 

30.7 

24     0.2 

13.28 

0.74 

2,3 
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Trump- 
ler  No. 


636., 

637. 

638., 

639.  , 

640.  , 

641 .  , 
642  .  . 
643-  . 
644.  , 
645-  . 

646.. 
647.  . 
648.. 

649.  . 

650.  . 

650a. 
652.  . 

653-  • 

654-  • 
6SS.. 

656.. 
657.  . 
657a. 
658.. 
659.  . 

660.. 
661.. 
662.  . 
663.. 
664.. 

666.. 

667.. 

668.. 
669.. 

672.  . 

673.  ■ 
674-  . 
675- 
676.. 

677.  . 

678.  , 

679.  . 
680.. 
681.. 


683.. 
684.  , 
68s.. 
687.. 

690.  . 

691 .  , 


692  . 
696. 
698. 
699. 
700. 


R.A. 

1900 


3''43° 
3I'4 
32.4 
32.6 
32.6 
32.6 

32.7 
32.7 
33-3 
33-6 
34-9 

3S.2 
35-9 
36 -7 
s6.8 
36.8 

36.9 
38.2 
38.6 
38.7 
38.8 

38.9 
390 
40.  S 
40.6 
41.0 

41.2 
42.0 
42.3 
43-6 
43.8 

43.8 

44.0 
44-2 
44-4 
44.6 

47.9 
48.1 
48.6 
48.6 
49.2 

49-5 
SO.o 
50.7 
54. 2 

54-4 

54. 6 
55-5 
S6.6 
S7-0 
57-6 
58.9 
59.8 


3''44" 
0.4 
1.4 
2.7 
3.7 
3.8 


Decl. 

Pg. 

C.I. 

No.  of 

1900 

Mag. 

Plates 

22''48l4 

13.38 

0.58 

2,1 

22  55.4 

14.27 

O.S3 

2,1 

24  10. 0 

13.89 

0.47 

1.2 

24  4.7 

14.04 

0.42 

2,2 

23  24.4 

12.13 

0.74 

1,2 

23  34-7 

1382 

2.og 

2,1 

23  57-8 

13.99 

0.43 

2,2 

24  10.4 

14.41 

0.39 

1,2 

24  29.0 

14.24 

0.69 

3,3 

24  21.0 

13-53 

0.53 

I|I 

24  19-4 

ir.40 

I,. 

22  58.4 

13 .  69 

0.69 

2,1 

24  20.4 

13.57 

0.51 

1,1 

23  29.4 

11-47 

0.90 

2,1 

23  43. 5 

13.68 

0.62 

2,1 

24  3.6 

14.66 

o.os 

2,2 

23  46.4 

13.74 

0.53 

4,3 

24  35-3 

14.58 

1.38 

2,2 

24  II. 9 

13.75 

0.23 

1,1 

24  44-6 

14.64 

0.48 

2,2 

23  57.2 

13.59 

0.36 

2,2 

23  59-4 

12.52 

0.98 

2,3 

23  27.2 

iS-o6 

0.54 

2,1 

23  9.8 

13-81 

0.15 

1,2 

23  10.8 

13  60 

0.54 

1,1 

24  22.6 

13.89 

0.73 

1,1 

23  55-3 

13-32 

1. 14 

2,2 

23  39-0 

13-88 

0.76 

2,1 

24  7.6 

13.74 

o.iS 

3,3 

24  6.6 

12.62 

0.6s 

3,3 

23  43.9 

11.96 

1-32 

2,1 

23  8.6 

14.19 

0-33 

^,^ 

22  59. I 

12.02 

0-63 

2,1 

24  9-5 

I3-OI 

0.83 

3,3 

23  22.6 

14.26 

0.89 

1,2 

24  2.6 

12.96 

0.88 

2,2 

24  13-3 

14.00 

0.29 

1,1 

22  58.0 

12.28 

0.18 

2,1 

23  56.4 

II. II 

1.04 

2,1 

24  41.4 

13-94 

1.08 

2,2 

23  28. 5 

11.70 

0.35 

2,3 

23  26.4 

11-93 

0.67 

3,3 

23  49-6 

13-88 

0.40 

4,2 

23  24.0 

12.30 

0.57 

2,2 

24  12.2 

13 -OS 

0.41 

1,1 

23  59-8 

13-44 

0.39 

2,2 

23  25.3 

14-98 

0;S0 

2,2 

23  43-4 

13  16 

0.56 

2,1 

24  2.2 

13-23 

0.69 

2,2 

23  13.5 

11.50 

1,1 

24  17.0 

13.20 

0.24 

1,1 

23  32.6 

14.67 

I.- 

23  38.7 

14.04 

0.88 

2,1 

22  54. 8 
24  3-3 

.,1 

'i2;66' 

0.36 

2,2 

23  36.6 

13.80 

0.37 

2,1 

23  53 -o 

14.01 

O.S7 

1.2 

Trump- 
ler  No. 


701 . 
702  . 
703. 
704. 
70s. 

706. 
707. 
708. 
709. 
710. 

711. 
712 . 
713. 
714- 
715. 

716. 
717. 
718. 
719. 
720. 

722. 
723. 
725. 
726. 
727. 

728. 
729. 
730. 
731. 
732. 

733. 
734. 
735. 
736. 
736a, 

737. 
738. 
739. 
740. 
741. 

742. 
743- 
744. 
745. 
746. 

747. 
748. 
749. 
750. 
752. 

753. 
755. 
757. 
758. 
759. 

760. 
761  . 
762 . 
763. 
764. 


R.A 

1900 


3''44" 
4»6 
5-2 
6.0 
6.2 
8.8 

10. 0 

10. 1 
II. I 
12.6 
12.8 

13.3 

14.2 
14.4 
14.7 
14.7 

15.0 
15  I 
16.0 
16.6 
17.2 

18.0 
18.9 
19.9 
22.8 
22.9 

23.4 
23.4 
23. 5 
23.5 
23.6 

23.7 
24.8 
25.2 
26.6 
27.0 

27.1 
27-9 
28.8 
29.1 
29.1 

29.9 
30.2 
30. 5 
30.6 
31.8 

32.2 
32.3 
33.5 
33.7 
35.1 

35.1 
35.8 
36.1 
36.3 
36.3 

36.4 
37-9 
39-3 
39.3 
39.9 


Decl. 

Pg. 

C.I. 

1900 

Mag. 

23°  6'.7 

14.00 

0.94 

24  23.6 

13.60 

0.67 

24  22.0 

12.41 

0.46 

24  19.2 

13.47 

0.63 

23  54-6 

11.98 

0.48 

23  59.6 

14.42 

O.S5 

23  42.8 

13.52 

1.03 

23  49-1 

12.30 

1.20 

23  SO-4 

14-33 

0.8s 

23  55-4 

12.49 

1.28 

24  36.3 

1.^.90 

0.67 

?4  13.7 

14.28 

1. 12 

23  59.5 

14.46 

1. 10 

24  19.4 

11.32 

0.04 

24  9.9 

13.78 

0.35 

22  54. I 

14.03 

O.S2 

24  29.2 

13.90 

0.50 

23  30.9 

13-77 

0.41 

24  30.1 

14.14 

O.S2 

23  34.8 

13.93 

0.48 

23  34.8 

13.69 

0.21 

23  II. 6 

14.28 

0.56 

24  46.7 

14.40 

0.22 

24  10.2 

12.92 

0.15 

24  9.8 

11.74 

0.86 

24  0.2 

14.54 

0.48 

23  36.1 

14.48 

0.58 

23  34.6 

13.12 

0.24 

23  38.9 

13.02 

1.40 

24  17.8 

14.44 

0.34 

23  30.2 

14.08 

0.48 

23  55.0 

14.22 

1. 00 

22  so. 6 

14-24 

0.56 

23  52.6 

14-47 

0.72 

23  3.8 

14.86 

0.39 

23  34.2 

14.46 

0.22 

24  27.4 

13.70 

1.14 

'-3  52.9 

14.66 

0.55 

23  0.4 

13.85 

0.80 

24  21 .2 

14.47 

1. 12 

24  II. 5 
24  2.6 

■i2:67' 

1.24 

24  12.8 

11.58 

0.75 

23  16. I 

11.58 

0.38 

23  35.2 

13.98 

0.36 

24  32.0 

12.54 

0.40 

23  43.8 

13.81 

24  12.3 

11.34 

0.27 

24  13.5 

14.12 

0.96 

24  33.9 

14.20 

0.48 

23  S2.6 

13.72 

0.40 

24  36.1 

11.76 

0.49 

23  57.0 

13.56 

0.27 

24  2.6 

10.92 

0.40 

23  0.2 

14.30 

0.86 

24  12.3 

13.96 

I. 00 

22  57. I 

13.84 

0.54 

23  s8.o 

14.08 

0.63 

23  29.2 

14.  75 

0.50 

24  14.4 

14.04 

0.31 

No.  of 

Plates 


2.3 
i.i 
I, I 
1,1 
2,2 

2,3 
2,1 
3.2 
2,2 

3.3 

4,3 
2,1 
3,3 
2,2 
I.I 

4,2 
2,1 
3,2 
2,1 
4,2 

4,2 
2,3 

5,2 

2,1 
2,2 

3.3 
4.2 

4,2 
4,2 
1.2 

3.2 

3,3 
4,2 
3,3 
2,1 

4.2 

1,1 

2,3 
4,2 
2,2 

•,2 

3,3 

2.2 
2.3 
4.2 

4,2 
3,. 
2.2 
1.2 

5.2 
2.2 

4.4 
2.3 
I.I 
3,2 

2.1 

3.1 

2,3 
2,1 
2,1 
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Trump- 

R.A. 

Decl. 

Pg. 

C.I. 

No.  of 

Trump- 

R-.\. 

Decl. 

Pg. 

C.I. 

No.  of 

ler  No. 

1900 

1900 

Mag. 

Plates 

ler  No. 

1900 

1900 

Mag- 

Plates 

3''44" 

3''4S" 

765  •  ■  ■  ■ 

40!  0 

24°37'l 

IS. 01 

0.89 

4,2 

827.... 

15^4 

23''2o;8 

13-17 

0.14 

1,1 

766 

40. S 

23   II. 4 

13-32 

1-37 

2,2 

829 

iS-6 

24  13.0 

12-54 

0-I5 

1.1 

767  ...  . 

40.8 

23  39-4 

14.60 

0-95 

3,1 

830 

17-1 

22    59.1 

14.27 

0.46 

2,1 

768 

41.2 

22   56.4 

13-54 

0-37 

3,1 

831 ...  - 

17-3 

23    12.7 

13.14 

0.45 

1,1 

769 

41.4 

23  53.5 

12.42 

0-37 

2,1 

833  ...  - 

20.2 

23    31.5 

13.27 

0.64 

2,1 

770 

41.6 

23  34.3 

13.32 

0.52 

3,1 

834.... 

20.3 

24    17.2 

13.41 

0.38 

1,1 

771 

42.2 

22  55. 0 

13-62 

0.55 

3,1 

83s  ...  . 

21-5 

23  55-1 

14.44 

0-S4 

1,1 

772 

43-3 

23  37.8 

10.63 

I,. 

83S<i.... 

22. 

23    22.6 

14-74 

1-38 

1,1 

773 

44.1 

24  17.0 

14.16 

0.83 

2,1 

836 

22.3 

24    4.8 

11-43 

1,1 

774 

44.6 

24  43.0 

12-34 

1.09 

4,2 

837.... 

22.3 

24  32.0 

14-48 

0.90 

3.2 

775 

46.2 

23  15-5 

14.26 

0.41 

2,2 

838 .... 

2S-0 

24  33.6 

12.11 

0.86 

3,2 

776.... 

46.4 

23     2.1 

14.21 

0.68 

2,1 

839-..- 

25-0 

24  32.0 

14.80 

0.88 

3,2 

777 

46.6 

23     0.4 

12.18 

I  .12 

3,1 

840 

25-3 

24  13.4 

14.19 

0.83 

1,1 

778.... 

46.8 

23  33-2 

14.52 

0.96 

3,1 

841 ... . 

25-7 

24    21 .8 

13-45 

0-49 

1,1 

780 

48. 5 

22    56.4 

13.77 

0.63 

4,2 

842  ... . 

25-9 

24  33. 5 

14.10 

0.66 

3,2 

781 ...  . 

48.6 

23  4.8 

14.10 

1.02 

3,2 

782.... 

500 

24     8.2 

13.71 

0.39 

2,2 

843  ...  . 

27-1 

23  23.6 

13-69 

0.39 

Ifl 

783  ...  . 

50.3 

24  23.9 

14.22 

0.49 

1,1 

844.... 

27.1 

23  47-2 

14-38 

1.02 

3,1 

783a.... 

50.4 

23  12.0 

15.20 

0-51 

1,1 

845  ... ■ 

27.2 

24  46.5 

II  .69 

0.49 

3,2 

784.... 

Si.o 

24   7.6 

11.42 

1.06 

2,2 

846 

28.3 

23  28.9 

14-33 

1.13 

2,1 

847.... 

28.5 

23  39.4 

13-14 

0.98 

2,1 

78s.... 

5^-4 

24  16.8 

1341 

0-34 

1,1 

786 

Si-8 

23  33.1 

13.20 

0.24 

2,1 

849 ...  • 

29.1 

24  25.0 

14-22 

0.49 

1,1 

787 ... . 

53.6 

24  24.3 

14.03 

I. 12 

1,1 

850.... 

29-5 

24  15.7 

12.23 

0.4S 

1,1 

788 

53.8 

23    7.2 

11.77 

0.35 

2,2 

851  .... 

29.6 

24    4.5 

14-54 

0.43 

2,1 

789 ... • 

54. S 

23  25.4 

13.46 

0.32 

2,2 

8S3  .  .  .  . 
854.... 

30-3 
30-5 

24  42.8 

23    21.1 

13.96 
14.22 

0.50 

2,1 
1,- 

790 

54-6 

23  26.3 

14.62 

0.86 

3,2 

792 

55-7 

24  29.1 

14-34 

0-S3 

4,3 

855...- 

30.6 

23  33.4 

14.36 

0.71 

2,1 

794 

57-0 

23     1-3 

14.44 

0.68 

2,1 

856..., 

31.0 

24  30.3 

14 -SO 

0.24 

3,2 

795 

57. 6 

23  53.7 

12.26 

0.58 

1,1 

857.... 

31. 1 

23  37.4 

12-54 

0.69 

2,1 

796 

57.7 

23  31.9 

12.20 

0-73 

2,1 

859...- 

32.0 

22    57.9 

II  .62 

0.59 

2,1 

861 

330 

23  54-3 

14-44 

0.63 

1,1 

797 

57.9 

23  19.2 

13.65 

0.31 

1,2 

798.... 

58.7 

23  10.7 

13.69 

0.46 

1,1 

862  ...  . 

33-1 

23  35.9 

14-71 

1 .01 

2,1 

799 

8cx> 

59  0 
59-1 

24   21 .8 

24  32.6 

14-52 
12.70 

0.76 

0.52 

1,1 
3,2 

863  ...  . 
865 

33-9 
35.0 

24  19.0 
24  11 .1 

14.22 
14-25 

1.17 
0.40 

1,1 
1,1 

801 

59-1 

24  14-7 

13.35 

0.39 

1,1 

866 

35.2 

24  18.6 

13 -SO 

0.40 

1,1 

803 ... . 

804 

59-3 
59-9 

23  56.9 

24  8.8 

14.07 
13.92 

0.71 

O.S2 

1,1 
2,2 

867 

35.2 

23  43.9 

12.90 

2,. 

805  ... . 

806 

807 

3''45°' 
0.3 
0.5 
2.8 

23  26.0 

24  22.6 
24  45-2 

14.20 
13 -45 
14.00 

0.74 
0.49 
0.82 

3,2 
1,1 

3,2 

868 

869 ...  . 

870 

35.4 
35.5 
35.6 

23  20.1 
23     5.8 
23  .36.6 

13.69 
14.69 
12.66 

0.33 
0.96 
0.64 

1,1 
2,2 

2,1 

808 

4.0 

24  23.8 

14.22 

0.89 

1,1 

871...  . 

35-7 

23  49-8 

13-73 

0.37 
0.6s 

1,1 

809 ... . 

4-7 

24     2.4 

13.65 

0.35 

1,1 

872...  . 

35.9 

24  41-9 

14.0s 

3,2 

810 

4.8 

23  55 -2 

14.12 

0.70 

1,1 

873...- 

37-2 

23  42-8 

14.68 

2,. 

811 

5-4 

24  17-7 

14.12 

0.39 

1,1 

874...  • 

39-2 

24  43-6 

14.24 

0.48 

3,1 

812 

5.5 

23  36.1 

11.18 

2,. 

87s.... 

39-5 

23  44-7 

14-55 

2,. 

813.... 

S-7 

24  38.2 

12.46 

0.98' 

3,2 

877--.- 

40.2 

24  46 . 1 

14.66 

0.62 

3,2 

814 

5-9 

24  39-2 

14.48 

0.94 

3,2 

878 

40.6 

24  10. s 

14.22 

O.S7 

1,1 

81S.... 

6.1 

23  39-3 

13.34 

1 .29 

2,1 

879 ...  . 

40.9 

24  14-9 

12-73 

0.49 

1,1 

8i6 

6.3 

23   54.0 

14.00 

0.70 

1.1 

880 

41.0 

24  40-9 

II  .61 

O.S7 

3,2 

817.... 

6.8 

24  26.1 

14-74 

0.93 

1,1 

881 

41-7 

23  27.5 

14.59 

0.68 

2,2 

819 

7-2 

24   22.3 

12.13 

1 .10 

1,1 

882 

42.1 

23  42.6 

14.64 

2,. 

820 

7-5 

23  48.5 

13.79 

1.02 

3,1 

883  ...  . 

42.2 

24  22.0 

12.73 

0.60 

1,1 

821 ...  . 

9.8 

24     3-3 

14.03 

1.29 

1,1 

884 

42. 5 

23  20.4 

14.22 

o.6i 

1,1 

822 

9.8 

24  45-2 

14-39 

0-9S 

3,2 

885  ...  . 

42.8 

24  40.2 

12.45 

0-43 

3,2 

823 ...  . 

11. 0 

23  35.7 

13-62 

0-39 

2,1 

886 

42.8 

22  52.9 

14.26 

0-93 

2,1 

824 

12.3 

23   55.6 

14.00 

0.15 

1,1 

887  ... . 

44.0 

24  40-4 

13-68 

0.34 

3,2 

82s.... 

12.9 

24  26.8 

13.70 

0.56 

2,2 

888.... 

44.9 

24  15.0 

12.90 

O.IO 

1,1 

COLORS  AND  MAGNITUDES  IN  STELLAR  CLUSTERS     333 
TABLE   II— Continued 


Trump- 
ler  No. 

R.A. 
1900 

Decl. 

1900 

Pg. 
Mag. 

C.I. 

No.  of 
Plates 

Trump- 
ler  No. 

R.A. 

1900 

Decl. 
1900 

Pg. 

Mag. 

C.I. 

No.  of 
Plates 

890 

892 

894 ...  . 
89s ...  . 
896 

897 ...  . 
898 ...  . 
899.... 
goi . . .  . 
902 .... 

3''45°' 

46' 8 

47-4 

48.0 

49-4 

49-7 

49.7 
49.8 
SO.  I 
SO. 9 
Si.o 

23°I3'4 
24  25.5 

22  S3 -4 
24  46.0 
24  19-4 

24     3.6 

23  55-4 

22  53.9 

24  46.3 

23  27.0 

14.52 
13.14 
12.69 

13.84 
13-45 

14.19 
14.07 
12.76 
13-37 

0.76 
1.73 
0.49 
0.92 
o.iS 

0.83 
0.24 
0.33 
0.47 

1,1 
I.I 
2,1 
3,2 
I.I 

I.I 
I.I 
2,1 
3.2 
•  .I 

903 

90s 

906 .... 

907 

908 

909.... 
910.  .  .  . 
915 

3''4S"' 
Si»2 

52.1 

52. 7 
53.2 
53-4 

54-4 
5S-0 
57.3 

23°4l!l 
24   25.7 
24  41.2 
24  36.5 

23  19.4 

24  44-2 

23  56.0 

24  23.0 

14.33 
14.00 
I?.  90 
11.41 
14.12 

11.47 
12. 8s 
14.22 

'oiis' 
0.06 
0.44 

0.21 
0.01 

2,. 
i>- 
3.* 

3,2 

i.i 

3,2 
l.l 

I.. 

Mount  Wilson  Observatory 
March  19  21 


ON  MAJORANA'S  THEORY  OF  GRAVITATION^ 

By  henry  NORRIS  RUSSELL' 
ABSTRACT 

Majorana's  tlieory  of  gravitation. — As  a  result  of  some  delicate  pendulum  experi- 
ments, JMajorana  has  suggested  that  gravitational  force  is  weakened  by  passing 
through  matter.  Li  this  paper  certain  astroiwtnical  consequences  of  this  assumption 
are  presented.  The  true  masses  of  the  planets  according  to  this  theor>^  are  computed 
and  it  is  sho\\Ti  (i)  that  the  inertial  masses  cannot  be  equal  to  these  true  masses, 
and  (2)  that  if  we  assume  them  equal  to  the  apparent  gravitational  masses  we  are  led 
to  such  discrepancies  in  the  case  of  the  tides  that  we  are  forced  to  conclude  that  the 
absorption  of  gravatational  force  cannot  exceed  1/5000  of  the  value  assigned  by 
Majorana. 

Possible  influence  of  one  body  on  the  mass  of  another  body. — The  interpretation  of 
Majorana's  positive  experimental  result,  assuming  it  to  be  real,  must  be  that  the 
mass  of  a  body  is  actually  changed  by  the  presence  of  another  body. 

Professor  Majorana,  in  a  very  interesting  series  of  papers,^ 
has  proposed  a  new  theory  of  gravitation,  with  experimental  evi- 
dence supporting  it.  The  present  communication  deals  with 
certain  astronomical  consequences  of  the  theory,  in  the  form  in 
which  he  presents  it,  and  suggests  a  modification  which  will  remove 
the  resulting  discrepancies. 

I.  The  law  which  Majorana  proposes''  is  that  the  force  of 
attraction  between  any  two  material  particles  is  directed  along 
the  line  joining  them,  but  that  its  intensity  is  less  than  that  given 
by  Newton's  law  whenever  this  line  traverses  matter,  being  dimin- 
ished in  accordance  with  the  "law  of  progressive  absorption" 
which  holds  good  for  radiation. 

If  Ml  and  M2  are  the  masses  of  the  particles,  r  their  distance 
apart,  and  k  the  ordinary  constant  of  gra\dtation,  the  attractive 
force  will  be 

/=*^'.-j"%  (I) 

^  Contributions  from  the  Mount  Wilson  Observatory,  Xo.  216. 

*  Research  Associate  of  the  Mount  Wilson  Obse^vator^^ 

^Philosophical  Magazine,  39,  488,  1920.  Atti  delta  Reale  Accademia  del  Lincei, 
28,  160,  221,  313,  416,  and  480,  1919,  and  29,  23,  90,  163,  and  235,  1920.  Further 
citations  refer  to  the  detailed  account  in  Italian. 

*0p.  cit.,  p.  170. 
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where  h  is  a  second  universal  constant,  that  of  absorption  of  gravi- 
tation, and  6  the  density  of  matter  at  any  point  on  the  line  joining 
the  particles,  and  the  integral  is  taken  over  the  whole  length  of  this 
line. 

In  consequence  of  this  absorption  the  attraction  of  any  large 
body  upon  objects  outside  it  will  be  diminished,  and  its  "apparent 
mass,"  measured  by  means  of  its  attraction,  will  be  less  than  the 
true  mass.  For  spherical  bodies  of  uniform  density  Majorana 
shows'  that  the  attraction  will  still  be  exactly  proportional  to  the 
inverse  square  of  the  distance,  while  the  apparent  mass  m  will  be 
connected  with  the  true  mass  M  by  the  equations 

m  =  \f/M,  (2) 

p^hRO,  (4) 

where  R  is  the  radius  of  the  mass,  and  6  the  true  density. 
For  small  values  of  p  we  find,  expanding  in  series, 

^p=i-iP-\-ir-lP'+ (5) 

For  large  values  of  p,  yp  approaches  asymptotically  to  the  value 
3/4^  and  m  to  the  value  TvR-/h.  The  apparent  mass  of  a  homo- 
geneous sphere  has  therefore,  according  to  this  theory,  a  superior 
limit,  depending  only  upon  its  superficial  area  and  the  universal 
constant  h.  Majorana  gives  no  calculations  for  bodies  not  of 
uniform  density;  but  an  easy  calculation  shows  that  the  attraction 
of  any  spherical  mass  in  which  the  density  depends  only  upon  the 
distance  from  the  center,  upon  an  external  particle,  is  inversely 
proportional  to  the  square  of  the  distance  from  the  center,  as  in 
the  Newtonian  case.  The  difference  between  the  true  and  apparent 
masses  will  be  greater,  the  greater  the  central  condensation.  For 
example,  if  the  density  at  the  distance  r  from  the  center  is  pro- 
portional to  {R^—r^y,  it  is  easy  to  show^  that 

I2W+I2 

'  Op.  cit.,  p.  420.     The  notation  is  slightly  changed  here. 
*  See  the  appendix  to  this  paper. 
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(where  the  true  mean  density  is  to  be  used  in  calculating/?) .    For  «  =  i, 

yp=i—l\p  ....',  ior  n  =  2,\j/  =  i—ilp The  former  value 

corresponds  to  a  central  condensation  greater  than  in  the  case  of 
the  earth,  and  the  latter  to  a  central  density  more  than  four  times 
the  mean  density. 

Majorana's  conclusion,  based  upon  qualitative  reasoning,  that 
condensation  toward  the  center  will  not  radically  change  the 
amount  of  absorption  of  gra\itation,  is  therefore  justified;  but 
the  numerical  effects  of  such  condensation  appear  to  be  somewhat 
greater  than  he  has  estimated. 

2.  We  may  now  proceed  to  calculate  the  effects  of  absorption  of 
gravitation  in  various  bodies  belonging  to  the  solar  system,  using 

TABLE  I 

Gravitational  Absorption  According  to  ISIajorana 


R 


P4, 


Sun. . . 
Jupiter 
Saturn , 
Earth . 
Mars.  . 
Moon. 
Eros . . 


6.95X10^^001 

7.23X109 

5.90X109 

6.37X108 

3.39X108 

1.74X108 

2       Xio^ 


1. 41 

^■2,3 
0.72 

5-53 
3-95 
3  40 
3 


0.660 
0.065 
0.029 
0.024 
o . 0090 
o . 0040 
o . 00004 


0.98 


33 
951 
978 
I 

993 
997 
0000 


the  value  determined  by  Majorana^  for  the  constant  of  absorption 
(^  =  6.73X10""  in  c.g.s.  units)  and  assuming  the  bodies  to  be  of 
uniform  density.  It  must  be  remembered  that,  if  p  is  the  mean 
density  derived  from  obser\-ation  on  the  Newtonian  theory,  we 
will  have  p=->pd,  and  hence  p\l/  =  hRp.  Knowing  this,  yp  may  be 
determined  by  successive  approximations,  or,  if  p  is  small,  by  the 
equation 

!/2  — J5A-V)3,W  .    .  (6) 


yp=i-lp4^-\%p^^ 


■rs^P"^' 


obtained  by  "reversion"  from  (5). 

The  results  are  given  in  Table  I.  The  data  for  the  sun  are 
from  Majorana's  paper.  The  diameter  and  density  given  for 
the  asteroid  Eros  are  rough  estimates,  but  doubtless  correct  as 
regards  order  of  magnitude. 


'  Op.  cit.,  29,  236. 
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It  is  evident  that  the  absorption  of  gravitation  within  the  larger 
planets  is  by  no  means  negligible. 

3.  The  changes  which  such  an  absorption  would  introduce 
into  the  planetary  theory  are  remarkable.  The  attraction  between 
two  spherical  bodies  of  masses  M^  and  Mj  at  a  distance  r  is 
kMiM^/r''  according  to  Newton.  According  to  Majorana,  we  must 
substitute  kMiMj^i^l/i/r''  (since  the  force  is  weakened  in  traversing 
both  bodies). 

Nothing  in  Majorana's  discussion  suggests  that  any  change 
would  occur  in  the  inertial  masses.  If  these  remain  the  same, 
the  acceleration  of  Mi  will  be  ^M^i/'ii^a/r^,  or  kmjp^/r''.  Similarly 
that  of  M2  will  be  km^yp^/r'',  and  the  relative  acceleration  of  the 
bodies  toward  one  another  will  be  k{mj}l/2-\-m2^i)/r'. 

The  expression  in  parenthesis  takes  the  place  of  the  sum  of  the 
masses,  M1+M2,  in  the  Newtonian  theory.  Let  Mi  represent  the 
sun  and  M2  the  planet.    We  will  have,  by  Kepler's  Third  Law, 

2^=— I^C^i'/'^+w^i/'i),  (7) 

where  02  and  T2  are  the  mean  distance  and  periodic  time  of  the 
planet.     Comparing  this  with  another  planet,  if 3,  we  find: 

''oaX  3     /T2Y  mj^2-\-m24'i 


The  masses  of  the  planets  are  all  less  than  a  thousandth  part  of 
the  sun's,  and  the  factor  ^i  is  also  small.  We  may  therefore 
write  with  high  approximation : 

Tj  \P: 

The  error  committed  by  disregarding  the  planetary  masses  is 
at  most  one  part  in  ten  thousand.  This  equation  differs  from 
the  ordinary  form  of  Kepler's  law  by  the  presence  of  the  factor 
involving  ^pj,  and  indicates  that  a  massive  planet  should  be  con- 
siderably nearer  the  sun  than  a  planet  of  small  mass  and  identical 
period. 

Applying  it  first  to  Jupiter  and  the  earth,  we  have  \l/2/\p3  =  o.g6g, 
so  that,  taking  the  earth's  mean  distance  as  unit,  the  mean  distance 
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of  Jupiter  should  be  less  than  that  computed  on  the  ordinan-  theory 
by  1 .04  per  cent. 

This  is  utterly  inadmissible.  When  Jupiter  is  in  quadrature 
with  the  sun,  its  annual  parallax  (the  angle  at  the  planet  between 
lines  drawn  to  the  sun  and  earth)  is  approximately  11°  5',  and 
the  suggested  change  would  increase  this  angle  by  6'  56".  The 
planet's  longitude  would  then  dexdate  from  the  ordinary  ephemeri- 
des,  which  are  computed  on  the  Newtonian  theory,  by  this  amount 
every  time  that  Jupiter  was  in  quadrature,  but  in  opposite  direc- 
tions according  as  it  was  east  or  west  of  the  sun.  Any  actual 
de^iation  of  this  sort  cannot  at  most  exceed  1/500  of  the  predicted 
amount,  and  to  avoid  conflict  -^^th  observ^ation,  Majorana's  con- 
stant h  would  have  to  be  correspondingly  diminished. 

The  case  of  Eros  is  even  more  striking.  Taking  the  earth  again  as 
standard,  we  find  that  yj/z'ypz  =  i  -019,  and  the  distance  of  the  asteroid 
should  be  greater  by  0.63  per  cent.  Wlien  it  is  in  perihelion  and 
at  the  same  time  in  quadrature,  its  distance  from  the  sun  is  1.13 
astronomical  units  and  from  the  earth  0.55.  The  suggested 
change  in  its  mean  distance  would  displace  it  b}'  39'  in  geocentric 
longitude.  With  the  planet  in  perihelion,  but  nearer  to  opposition 
(in  about  the  position  which  it  occupied  in  1901,  when  it  was  very 
carefully  observed),  the  discordance  would  exceed  1° — which  is 
fully  five  thousand  times  as  much  as  is  allowable. 

The  most  conspicuous  case  of  all  is  provided  by  the  moon.  On 
Majorana's  theor}-,  the  attraction  of  the  sun  should  produce  in  the 
moon  an  acceleration  greater  by  1.6  per  cent  than  that  experienced 
by  the  earth  at  the  same  distance.  This  would  be  equivalent  to  a 
continually  acting  disturbing  force,  directed  toward  the  sun,  and 
amounting  to  i  /60  of  its  whole  attraction  on  the  moon,  or  i  /'30  of 
the  earth's  attraction.  This  is  three  times  the  maximum  disturbing 
force  due  to  the  sun  on  the  Newtonian  theory,  and  its  introduction 
would  play  utter  havoc  with  the  whole  lunar  theory.  The  admis- 
sible magnitude  of  such  an  unrecognized  disturbing  force  is  probably 
less  than  one  ten-thousandth  as  great. 

Yet  again,  the  tides  on  the  earth's  surface  would  be  radically 
altered.     In  addition  to  the  usual  tidal  forces  depending  on  the 
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variations  in  the  magnitude  and  direction  of  the  attraction  of  the 
sun  and  moon,  there  would  be  a  force  depending  on  the  difference 
of  the  screening  action  for  the  earth  as  a  whole  and  for  a  water 
particle  on  its  surface.  Over  the  hemisphere  facing  the  sun  this 
force  would  be  directed  toward  the  sun  and  amount  to  1.9  per  cent 
of  the  sun's  attraction.  In  the  opposite  hemisphere  it  would 
rapidly  diminish,  changing  sign  for  points  such  that  the  absorption 
along  the  *'  gravitational  ray  "  from  the  sun  was  equal  to  the  average 
value  for  the  earth  as  a  whole.  Beyond  this  the  force  would  be 
directed  away  from  the  sun  and  reach  a  maximum  at  the  point 
opposite  it,  where  it  would  be  2.9  per  cent  of  the  sun's  whole  attrac- 
tion (assuming,  as  elsewhere,  a  homogeneous  earth) . 

The  tides  are  produced  by  the  horizontal  component  of  this 
force,  which  will  evidently  be  a  maximum  when  the  sun  (or  moon) 
is  on  the  horizon,  and  amount  to  0.019  times  the  whole  attraction 
of  the  body.  The  ordinary  tide-raising  force  vanishes  when  the 
sun  is  on  the  horizon,  is  greatest  when  it  is  45°  above  or  below  it, 
and  amounts  to  0.025  of  the  moon's  whole  attraction  and  0.000064 
of  the  sun's. 

The  additional  tide-raising  force  demanded  by  Majorana's 
theory'  is  therefore  about  three-quarters  of  the  recognized  force  due 
to  the  moon,  but  nearly  three  hundred  times  the  recognized  com- 
ponent in  the  case  of  the  sun.  This  last  term  is  more  than  eighty 
times  the  greatest  tidal  force  that  can  occur  on  the  Newtonian  theory. 

4.  We  are  forced  therefore  to  the  conclusion  that  upon  the 
hj'pothesis  that  there  exists  an  absorption  of  gravitational  force  in 
matter,  without  change  in  its  inertial  mass,  the  coefl&cient  of 
absorption  cannot  exceed  one  ten-thousandth  of  that  derived  by 
Majorana  from  his  experiments,  and  must  be  hopelessly  beyond  the 
reach  of  investigation  in  the  laboratory'.  There  is  nothing  really  new 
in  this  conclusion,  or  in  the  reasoning  by  which  it  has  been  reached. 
All  depends  upon  the  old  and  familiar  proposition  that  the  motions 
of  the  planets  prove  that  their  gravitational  and  inertial  masses  are 
strictly  proportional  to  one  another,  at  least  within  a  few  parts  in  a 
million.  Any  influence  which  modifies  one  must  alter  the  other  in 
the  same  proportion. 
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Accepting  this,  we  must  assume  in  section  3  that  the  accelera- 
tions are  inversely  proportional  to  the  apparent  masses,  7n,  instead 
of  the  true  masses,  M.  It  would  then  follow  that  all  astronomical 
motions  will  take  place  in  accordance  with  the  Newtonian  law,  but 
that  the  apparent  masses  will  every^vhere  appear  in  the  place  of 
the  true  masses.  The  only  exceptions  occur  when  one  body 
intervenes  directly  between  two  others.  The  resulting  effects 
are  neghgible  for  the  planets  and  small  for  the  moon;   but  in  the 

case  of  the  tides  they  are  im- 
portant. 

Let  the  apparent  mass  of  the 
earth  be  niz  and  the  radius  R, 
and  let  there  be  a  body  B  (Fig. 
i)  of  apparent  mass  m^,  at  a 
distance  D  from  the  earth's 
center  C,  and  D^  from  a  point 
P  on  its  surface.  At  this  point 
there  is  a  particle  of  apparent 
mass  IX.  The  attraction  of  the 
earth  upon  it  is 


I 


Fig.  I 


g=km2n/R^. 


The  horizontal  tide-raising  force  acting  upon  P  will  be  the  sum  of 
the  components  in  this  direction  of  the  direct  attraction  of  B  and  the 
inertial  reaction  arising  from  the  acceleration  of  the  system  of 
axes,  fixed  in  the  earth,  with  respect  to  which  the  force  is  measured. 
(We  may  suppose  that  the  earth  does  not  rotate.)  The  force 
due  to  the  attraction  of  5  is : 

kmin 


f- 


Di 


sm  ZiC 


-hes 


where  Si  is  the  apparent  zenith  distance  of  B  for  an  observer  at  P, 
S  the  distance  PQ  which  the  line  PB  traverses  inside  the  earth, 
and  6  the  earth's  true  density  (supposed  as  usual  to  be  constant). 
Since  S  =  —2  R  cos  Si,  we  have  by  (4) : 

/i=    ^   smzi  g^/'cos..^,  smzi  {i-\-2p  cos  Zi) 


(since  p  is  small) 


m 
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If  cos  Zj,  is  positive,  the  last  factor  is  to  be  set  equal  to  unity. 

In  this  case,  where  the  attraction  between  P  and  B  varies 
with  their  direction  as  well  as  their  distance,  the  apparent  gravi- 
tational mass  of  P  will  vary  according  to  whether  we  consider  the 
attraction  between  it  and  B,  or  between  it  and  the  earth.  (We 
obviously  cannot  suppose  that  the  apparent  masses  of  the  earth  or 
of  B,  whose  attraction  on  one  another  is  unaltered,  are  sensibly 
affected  by  the  existence  of  the  minute  particle  P.) 

The  inertial  mass  of  P  may  be  equal  to  either  of  these  values  of 
its  gravitational  mass,  or,  more  probably,  to  some  compromise 
between  them.  Let  us  set  it  equal  to  fx  (i— e).  The  acceleration 
of  the  earth,  due  to  the  attraction  of  B,  will  be  knti/V  sin  s,  where 
z  is  the  angle  PCB  (the  geocentric  zenith  distance).  We  have, 
rigorously, 

Z>  sin  s  =  Di  sin  Zi , 
and,  neglecting  R'/D^, 

D=Z)i+i?coszi. 

The  inertial  reaction  of  the  particle  P,  in  the  horizontal  direction, 
will  be,  to  the  first  order: 

-,    kniiix,        ,    .         kifijfx.   .       (  xR  \ 

/  =-^(i-e)  sms  =  -^smzi(  i-e--^cosZi  ....    I. 

The  deflection  of  the  vertical  by  the  tidal  force  will  be  given  by 

tan  5  =*^ — -  =  — 1^„  sm  Zi  3^  cos  Zi+  2p  cos  Zi+e    . 
g        m2D\  \  D  I 

The  first  term  in  the  parenthesis  gives  the  effect  on  the  Newtonian 
theory. 

The  quantity  e  must  be  very  small.  If  the  inertial  mass  of  the 
pendulum,  swinging  under  the  earth's  attraction,  were  i— e  times 
its  gravitational  mass,  its  period  would  be  i  —  e/2  times  that  derived 
from  the  ordinary  theory.  When  the  sun  and  moon  are  above  the 
horizon,  €  must  be  zero.  If  it  were  as  great  as  o.ooi  when  both 
are  below  the  horizon,  all  pendulum  clocks  would  gain  at  the  rate 
of  nearly  two  seconds  an  hour.  The  greatest  admissible  value 
must  be  well  below  o.oooi.  On  the  other  hand,  2)^/D  is  0.050  in 
the  case  of  the  moon,  and  0.00013  for  the  sun,  while  2p,  for  the 
earth,  is  0.048. 
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The  assumption  of  an  absorption  of  gravitational  force  in 
passing  through  the  earth  leads  therefore  to  discrepancies  in  the 
case  of  the  tides  which  cannot  be  removed  by  any  admissible 
assumption  regarding  changes  in  the  inertial  mass  of  the  attracted 
water.  The  lunar  tides  should  be  twice  as  great,  and  the  solar 
tides  370  times  as  great,  when  the  attracting  bodies  are  below 
the  horizon  as  when  they  are  at  the  same  altitude  above. 

The  most  accurate  observations  of  tidal  force  are  undoubtedly 
those  of  Michelson  and  Gale,  derived  from  observations  of  the  dis- 
placements of  the  water  level  in  underground  pipes.  From  their 
cur\^es^  it  is  evident  that  the  Newtonian  theory  represents  the 
forms  of  the  observed  curv^es  within  a  few  per  cent.  The  relative 
amphtudes  of  the  solar  and  lunar  tides,  for  a  w^hole  year,  agree 
with  theory  within  the  probable  errors  (about  3  per  cent  for  the 
larger  oscillations) .  This  indicates  that  any  absorption  of  gra\'ita- 
tion,  in  passing  through  the  earth,  cannot  exceed  1/5000  of  the 
value  assigned  by  Majorana. 

5.  It  appears  therefore  that  the  assumption  that  gravitational 
force  is  weakened  in  passing  through  matter  must  be  definitely 
abandoned. 

But  what  then  becomes  of  Professor  Majorana's  long  and  careful 
series  of  experiments  ?  If  their  result  is  accepted,  it  seems  necessary 
to  interpret  it  as  showing  that  the  mass  of  one  body  (his  suspended 
sphere  of  lead)  was  diminished  by  the  presence  of  another  large 
mass  (the  surrounding  mercury) ;  that  the  effect  was  a  true  change 
in  the  mass  (since  inertial  mass  and  gravitational  mass  are  all 
the  kinds  of  mass  that  we  know  of) ;  and  that  it  depended  on  the 
proximity  of  the  larger  mass,  and  not  upon  any  screening  action 
upon  the  earth's  gravitation. 

Strange  as  this  notion  may  seem,  it  is  not  inherently  absurd. 
Indeed,  if  the  phenomena  of  gravitation  and  inertia  may  be 
accounted  for  by  assuming  that  the  four-dunensional  "world" 
possesses  certain  non-Euclidean  properties,  or  "curvature,"  both 
in  the  presence  of  matter  and  remote  from  it,  it  is  not  very  sur- 
prising if  the  curvature  induced  by  one  mass  of  matter  should  be 

'  Astrophysical  Journal,  50,  342,  1919. 
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modified  to  some  degree  by  the  superiDosition  of  the  curvature  due 
to  another,  so  that  the  effects  were  not  exactly  additive. 

A  great  variety  of  assumptions  may  be  made  regarding  such  an 
influence,  and  many  of  these  might  have  the  advantage  of  giving 
a  conservative  field  of  force,  which  Majorana's  did  not.  Complica- 
tions are  still  likely  to  arise.  For  example,  consider  a  large  spherical 
mass,  alone  in  space  and  gradually  contracting  upon  itself  while  it 
moves  forward  in  a  straight  line.  Its  mass  will  presumably  diminish 
as  its  various  parts  come  closer  together;  but  what  will  happen  to  its 
velocity?  Presumably  this  would  increase,  but  it  seems  obvious 
that  either  the  conservation  of  momentum  or  the  conserv-ation  of 
energy  would  have  to  be  abandoned,  if  not  both.  Come  next  to  a 
planet  revolving  in  an  eccentric  orbit  about  the  sun.  Its  mass  will 
diminish  at  perihelion,  and  this  will  probably  lead  to  changes  in 
its  orbital  velocity.  The  resulting  alterations  in  the  orbit  will 
depend  on  the  law  of  change  of  velocity,  and  it  might  be  possible 
to  invent  a  law  which  would  lead  to  conclusions  consistent  with 
observation. 

Further  speculation  on  such  matters  seems,  however,  to  be 
premature,  when  it  is  considered  that  the  whole  structure  would 
rest  upon  the  observation  of  a  change  in  weight  amounting  to  one 
part  in  1200  millions.  Discussion  of  the  possibility  that  some 
undetected  systematic  error  has  crept  into  the  results,  in  spite  of  the 
great  care  taken  to  eliminate  such  errors,  or  to  correct  them,  must 
be  left  to  those  better  versed  in  experimental  technique  than  the 
present  writer;  but  it  is  to  be  hoped  that  the  further  experiments 
which  Professor  Majorana  contemplates  will  provide  the  data 
regarding  the  reality,  magnitude,  and  laws  of  variation  of  the  sus- 
pected influence  which  are  now  evidently  desirable. 

APPENDIX 

The  proofs  of  certain  statements  made  previously  are  collected 
here  to  avoid  interruption  of  the  course  of  the  discussion. 

Let  P,  Figure  2,  be  any  point  at  which  it  is  desired  to  find  the 
gravitational  attraction  of  a  mass  M.  Draw  through  P  an  ele- 
mentary cone,  of  solid  angle  Jw,  intersecting  M  between  the  points 
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A  and  B.  Let  Q  be  any  point  inside  M  at  a  distance  r  from  P. 
The  element  of  this  cone  between  the  distance  r  and  r-\-dr  from 
P  will  have  a  volume  r-drdui  and  a  mass  dr^'drdco,  where  ^  is  the  true 

density.     Its  attraction 
B  /^~~ — -_    X  A  upon  a  unit  particle  at 

P  will  be  kddrdw,  accord- 
ing to  Newton's  law.  If 
we  set  ddr—dn,  n  will  be 
the  total  mass  per  unit 
section  of  a  thin  cylin- 
drical column  extending 
from  Q  to  A,  and  the  attraction  at  P  will  be  kdoodn.  Integrating, 
we  find  for  the  attraction  of  the  conical  frustum  AB  the  value 
kfiidoi  where  ?ti  is  the  value  of  jddr  between  A  and  B. 

According  to  Majorana,  we  must  take  the  absorption  of  gravita- 
tion into  account.  In  passing  through  a  distance  dr,  this  is  Jiddr  or 
hdn.  Hence  the  transmission  through  the  layer  QA  is  e~''",  and 
we  find  easily  for  the  whole  attraction  at  P,  due  to  the  frustum, 


Fig.  2 


j(i-e->"'-)do,. 
h 

Suppose  now  that  M  is  spherical  and  that  the  density  depends  only 
on  the  distance  from  the  center  C.  Let  the  angle  CPB  be  /3  and 
CAB  be  a,  also  let  CP  =  R,  CA  =Ro,  then 

.    „    R   • 

sm  p  =  —  sm  a  . 

The  whole  attraction  of  the  sphere  at  P  must  obviously  be  directed 
toward  C.  The  component  in  this  direction  of  the  attraction  of 
the  frustum  already  considered  is  kiiidcv  cos  jS.  If  0  is  the  position- 
angle  about  the  axis  CP,  we  have: 

J?' 

d(ji  =  sin  ^  d^d4>  =  '~  sin  a  cos  a  sec  ^  dadip  . 

The  whole  attraction  of  the  sphere  at  P  will  be 

IT 

^  2wkm  n  .        ,  (i) 

F= — 5 —  I  «i  sm  a  cos  ad  a,  ^  ' 

^^     Jo 
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according  to  Newton,  but 

p,     2TrkRz  r^,         _ .    N    •  7  (2) 

F  =  I   [i  —  e   ""')  sin  a  cos  arfa,  ^  ^ 

according  to  Majorana. 

It  is  evident  that  n^  depends  only  upon  the  length  of  the  chord 
AB,  that  is,  that  it  is  a  function  of  a,  and  hence  that  the  definite 
integrals  in  (i)  and  (2)  depend  only  upon  the  distribution  of 
density  within  the  sphere.  Therefore  the  whole  attraction  of 
the  sphere  at  an  exterior  point  is  inversely  proportional  to  the 
square  of  the  distance  from  the  center,  on  Majorana's  theory  as 
well  as  Newton's. 

When  finally  reduced,  equation  (i)  goes  over,  of  course,  into 

the  famihar  form 

F  =  kM/r\ 

If  the  density  is  uniform,  «i  =  2i?o^  cos  a,  and  equation  (2)  gives 
Majorana's  formula  for  xf/.  For  other  laws  of  density  the  integrals 
will  in  general  be  difficult  or  impracticable  to  reduce  to  known 
forms;  but  if  the  total  absorption  is  small,  we  may  write: 

j{i  —  e~'"'')  =  ni—^hnl 

n 


If  the  density  d  is  proportional  to  (Rl—S^),  where  5*  is  the  distance 
from  the  center  of  the  sphere,  we  find  without  difficulty  that  ih  is 
proportional  to  {Rl—SoY"^^,  where  So  is  the  least  distance  of  the 
chord  from  the  center.  But  then  So  =  Ro  siri  a.  We  may  then 
write  ni  =  CRo  cos""^'  a  and  find  on  Majorana's  theory: 

2TrkcRl(     I  hcRo   , 


F'- 

R'     \2n-\-s     8n+S 

The   first  term  equals  kM/R%   or  ^kirdoRl/R^  if  ^o  is  the   true 
mean  density.     Hence 

3 
and 


R   \  12^+12  / 


as  stated  in  the  text. 

Mount  Wilson  Observatory 
July  20,  1 92 1 
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NOTE 

Professor  D.  L.  Webster,  in  a  conversation  with  the  writer,  has 
pointed  out  that  the  supposition  of  a  change  in  velocity  of  a  spherical 
body  which  is  contracting  and  hence  diminishing  in  mass  (according  to 
the  alternative  theory  suggested  in  section  5)  is  inconsistent  with  the 
principle  of  relativity,  since,  from  the  magnitude  of  such  a  change  (no 
matter  whether  energy  or  momentum  should  be  conserved)  it  would  be 
possible  to  determine  the  absolute  velocity  of  the  body. 

This  difi&culty  makes  the  theory  of  an  actual  change  of  mass  appear 
very  improbable,  and  the  trouble  is  not  diminished  when  it  is  asked 
what  becomes  of  the  energy  which,  on  relativistic  principles,  is  equivalent 
to  the  mass  which  has  disappeared.  Further  evidence  regarding  the 
reahty  of  the  experimental  effect  appears  to  be  urgently  called  for. 

Princeton  UNrv'ERSiTY  Observatory 
September  27,  192 1 


INVESTIGATIONS  ON  PROPER  MOTION 

FIFTH  PAPER:  THE  INTERNAL  MOTION  IN  THE  SPIRAL  NEBULA 

MESSIER  81» 

By  ADRIAAN  VAN  MAANEN 

ABSTRACT 

Spiral  nebula  Messier  8i. — Two  plates  taken  at  Mount  \\'ilson,  one  by  Ritchey 
in  1910  and  the  other  by  Duncan  in  1921,  were  measured  with  the  new  stereocompara- 
tor,  and  from  the  shifts  of  104  points  in  the  nebula  with  reference  to  14  comparison 
stars,  the  proper  motion  of  the  nebula  as  a  whole  was  found  to  be:  jLta  =  o'foi4  and 
Ma  =  — 0*005.  In  addition,  when  the  displacements  of  the  points  with  reference  to  the 
nebula  as  a  whole  were  corrected  for  the  fact  that  the  inclination  of  the  plane  of  the 
nebula  to  the  celestial  sphere  is  about  49°,  the  internal  motion  was  found  to  be, 
in  general,  a  spiral  motion  out  along  the  arms,  of  0*039  per  year  NWSE,  combined 
with  a  slight  outward  transverse  motion  of  about  0^007  per  year.  The  rotational 
component  of  the  motion  is  0^038  and  corresponds  to  a  period  of  rotation  of  58,000 
years. 

Formation  of  spiral  nebulae. — The  four  nebulae  whose  internal  motions  have  been 
studied,  M  33,  51,  81,  and  loi,  all  have  internal  spiral  motions  such  as  Jeans  described 
in  his  Problems  of  Cosmogony  and  Stellar  Dynamics.  This  fact  suggests  that  the 
nebulous  masses  were  rotating  and  had  reached  a  lenticular  shape  when  the  arms 
began  to  be  formed  by  matter  being  thrown  off  at  antipodal  points. 

In  a  previous  paper^  it  was  mentioned  that  measures  of 
two  photographs  of  M  81  taken  by  Mr.  Ritchey  in  1910  and 
1916  gave  prehminary  evidence  of  internal  motion,  similar  to  that 
revealed  in  the  case  of  M  loi.  Another  plate  of  M  81  was  obtained 
in  192 1  by  Mr.  Duncan  which  made  it  advisable  to  examine  the 
additional  evidence  made  available  by  the  longer  interval.  The 
photographs  used  for  the  present  paper  are  of  1910,  February  5, 
and  192 1,  April  7;  both  received  exposures  of  4  hours  and  15 
minutes  and  are  of  good  quahty.  Since  no  plates  taken  with  a  color 
screen  were  available,  the  choice  of  nebular  points  and  comparison 
stars  was  necessarily  based  on  the  appearance  of  their  images. 
Six  of  the  58  points  included  in  the  former  discussion  on  account 
of  their  coincidence  with  the  streamers  of  the  nebula  were  excluded 
from  the  present  discussion  in  advance  of  measurement  because 
of  their  starlike  appearance;  they  were,  however,  again  included 
in  the  measures.     Their  numbers  are  4,  28,  40,  42,  51,  and  54. 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  214. 

=  Mt.  Wilson  Contr.,  No.  118,  17,  1916;  Aslrophysical  Journal,  44,  210,  1916. 
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Although  the  brighter  stars  were  avoided,  the  comparison 
stars,  as  a  whole,  are  somewhat  brighter  than  the  nebular  points. 
For  this  reason  a  magnitude  error  may  have  vitiated  the  relative 
motions  of  the  latter.  While  this  may  have  affected  the  total 
motion  of  the  nebula,  it  cannot  have  influenced  the  internal  motion, 
since  the  magnitudes  of  the  nebular  points  have  a  nearly  sym- 
metrical distribution  around  the  center  of  the  nebula.  For  the 
present  investigation  14  comparison  stars  (the  same  as  before)  and 
1 10  nebular  points  were  selected  for  measurement. 

As  in  the  case  of  M  51,^  the  plates  were  measured  with  the  new 
stereocomparator,  with  the  directions  east,  west,  north,  and  south 
coinciding  successively  with  that  of  increasing  reading  of  the  mi- 
crometer screw. 

The  means  of  the  two  sets  of  measures  in  right  ascension  and  in 
declination,  which  are  expressed  in  parts  of  the  micrometer  screw 
for  the  interval  of  11. 17  years,  were  reduced  to  annual  displace- 
ments in  thousandths  of  a  second  of  arc  by  multiplying  them  by 
the  factor  0.0764.  The  resulting  quantities  w^  and  nis  were  then 
reduced  by  the  formulae: 

nia.  =  a-\-bx-\-cy-\-dx'^-\-cxy-{-fy^-{-iJia. 


im  =  a'  -\-b'  x-\-c'  y-\-d'  x^-{-c'  xy-\-f'  y^-\-  lis] 

in  which  a,  h,  .  .  .  .  a\  h' ,  .  .  .  .  f  are  the  plate  constants, 
X  and  y  the  co-ordinates  of  each  point  measured,  and  fx^  and  fxs 
the  annual  proper  motions,  expressed  in  thousandths  of  a  second 
of  arc.  For  the  derivation  of  the  constants  a  .  .  .  .  f ,  the  two 
sets  of  equations  (i)  for  the  comparison  stars  were  solved  by 
least  squares,  after  making  the  usual  supposition  that  the  motions 
of  the  comparison  stars  are  in  the  mean  zero  and  are  not  functions 
of  their  position  on  the  plates.  Substitution  of  the  constants 
thus  determined  into  the  equations  (i)  for  all  the  objects  measured 
yields  the  annual  proper  motions.  These  are  given  in  the  fourth 
and  fifth  columns  of  Table  I;  the  second  and  third  columns  of 
this  table  give  the  co-ordinates  of  each  object  measured.  The 
proper  motions  thus  derived  are  relative  to  the  group  of  comparison 
stars.  To  separate  the  motion  of  the  nebula  as  a  whole  from  the 
^  Aslrophysical  Journal,  54,  237,  1921;  Mt.  Wilson  Conlr.,  Xo.  213,  1921. 
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TABLE  I 

Co-ORDIXATES   AND  MeASUKED   ANJOTAL  DISPLACEMENTS 


No. 


X 

y 

>^a 

M5 

+  i-'7 

+0(6 

+0". 

005 

0*007 

+4-6 

+  2.0 

+ 

5 

+    14 

+  5-5 

+3.9 

+ 

2 

—    I 

+4-0 

+  7.1 

— 

2 

—      2 

-2.9 

+8.0 

— 

5 

+      I 

-5-5 

+  2.1 

+ 

17 

+    3 

-1.6 

+  1-3 

— 

2 

6 

-3-7 

—0.2 

— 

12 

+    I 

-i-S 

-o.S 

— 

5 

8 

-0.9 

-3-2 

— 

10 

+   10 

-71 

-6.0 

— 

4 

—    I 

+  1.0 

-6.6 

+ 

21 

+    2 

+  5-2 

-6.3 

— 

II 

3 

+4-0 

-1-3 

0 

3 

+  2.5 

+0.3 

+ 

23 

+   20 

+  2.5 

0.0 

+ 

22 

+   26 

+  2.8 

-03 

+ 

II 

+   27 

+3-1 

—  0.  2 

— 

I 

+   15 

+3-2 

-2.5 

+ 

52 

+   II 

+0.3 

-4.0 

+ 

3« 

-   31 

+0.6 

-4-2 

+ 

32 

-   37 

+0.6 

-4-3 

+ 

43 

—   22 

+  1.2 

-4-7 

+ 

42 

—   21 

+  1.7 

-4.6 

+ 

59 

-   25 

+  1.9 

-4.8 

+ 

53 

-   19 

+  2.1 

-50 

+ 

27 

-   31 

+  2.2 

-51 

+ 

62 

-   39 

+  2.2 

-4.9 

+ 

5« 

-    6 

+  2.3 

-51 

+ 

51 

—   12 

+  2.4 

-4-7 

+ 

25 

+   20 

+  2.7 

-4.9 

+ 

40 

-   30 

+30 

-5-6 

+ 

45 

0 

+  2.9 

-5-9 

+ 

60 

—   20 

+3-4 

-51 

+ 

51 

4-   II 

+4-5 

-4.8 

+ 

52 

+   40 

+3-9 

-0.6 

+ 

20 

+   14 

+4.0 

-0.5 

+ 

52 

+   67 

+4-1 

+0.4 

+ 

43 

+   20 

+3-1 

+  1.2 

+ 

16 

+   31 

+3-9 

+  1.7 

+ 

12 

+   29 

+  3-9 

+  2.2 

+ 

20 

+   14 

+4-3 

+  2.5 

— 

5 

+    5 

+  2.  2 

+5-0 

— 

4 

+   17 

—  0.2 

+  7-9 

— 

37 

+   12 

-2.9 

+9-0 

— 

28 

+   19 

+  1.2 

+  1.8 

— 

12 

+   19 

+  1.0 

+2>-2> 

— 

7 

+   II 

+0.3 

+3-5 

— 

16 

+   14 

+0.1 

+3-6 

— 

34 

+    5 

-0-3 

+3-7 

— 

22 

+   15 

—  0.  2 

+  3-8 

— 

35 

+    9 

-0.8 

+  4-2 

16 

+   10 

J- 
k. 
I. 

m. 
n. 
I . 
2. 
3- 
4- 
5- 
6. 

7- 


9- 
10. 
II . 
12. 
13- 
14- 
15- 
16. 

17- 
18. 
19. 
20. 
21. 
22. 

23- 
24. 

25- 
26. 
27. 
28. 
29. 
30. 
31- 
32- 
33- 
34- 
35- 
36. 
37- 
38. 
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No. 


H 


39 
40 

41 

42 

43 
44 
45 
46 

47 
48 

49 
SO 
51 
52 
SZ 
54 
55 
56 
57 
58 
59 
60 
61 
62 

63 
64 

65 
66 
67 
68 
69 
70 

71 
72 

73 
74 
75 
76 

77 
78 
79 
80 
81 
82 
83 
84 
85 
86 

87 
88 

89 
90 

91 
92 


-I. '6 
-2.3 

-3-5 
-3-8 
-3-7 
-3-5 
-3-2 
-4.0 
-4.0 

-5-3 
-4.9 
-4.8 

-4-7 
-4.8 
-4.7 
-4.6 
-4.1 
-1.7 

-0.5 
-1.6 

+  2.  2 
+  2.4 
+Z-2, 
+3-2 
+3-8 
+3-2 
+3-4 
+  2.3 
+0.8 
+0.6 
-0.8 
-0.8 
-2.8 

—  2.1 

—  1 .0 
-1.7 

■7 
•4 


—  I 

—  I 


+  1.0 
+  1.8 

+  1-7 
—  2.2 
-2.9 
-2.9 
-3-5 
-51 
-4.8 
-4.9 

-4-7 
-4.6 
-4.6 
-4.0 


+5'o 
+5-8 
+5-5 
+5-2 
+4-9 
+4-9 
+4-8 
+  2.9 
+  2.0 
+  1.9 
+  1-5 
+  1-3 
+0.8 
+0.6 
+0.1 
-0.4 
-0.6 
-6.5 
-5-2 

—  1.2 
+0.8 
+0.6 
-0.7 
-0.8 
+  1.7 
+2, -2, 
+3-9 
+5-2 
+6.3 
+  7-1 
+8.3 

+  9-2 

+6.9 

+5-3 
+5.9 
+5-2 
+5-0 
+4.5 
+4.0 

+4-5 
+4-0 
+3.4 
+  1-7 

+  3-2 

+3-1 
+3-4 
+3-7 
+  2.7 
+  1.0 
+  1.1 
+0.4 
+0.4 
-0-5 

—  1.7 


— o''oi6 
-    4 


-  3 

-  5 

+    5 


+o''oi5 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 

+ 
+ 


29 
19 
14 
16 

13 
28 
30 
22 
36 
36 
o 
4 
19 
21 

23 
8 

4 

7 

29 

II 

23 
30 
45 
21 
10 
27 
38 
14 
30 
17 
23 
44 


25 

4 

30 


+ 


22 

17 
16 

24 
19 
24 
28 
12 
19 
38 
10 

-  25 

-  37 

-  II 

-  35 

-  22 


+ 


+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 


24 
39 

8 
27 
34 
17 
35 
32 

4 
21 

44 

42 

52 

4 

I 

23 


32 
II 

17 
II 
21 

25 

-  19 

-  36 

-  32 

-  42 

-  22 

-  5 

-  II 

-  18 

-  II 

-  36 

-  36 


3^ 


rO 


-w 


PLATE  I\- 


/" 


/  ©-> 


« 


^ 


/ 


\ 


^ 


/■ 


\ 


<x> 


X 

V 
V 


sf 


\ 


,\ 


\\<\      • 


y/ 


^\ 


^^    ^    '      I 


y- 


^ 


K- 


/ 


SCALE 


o!o  o"l 


I 


Internal  Motions  in  Messier  8i 

The  arrows  indicate  the  direction  and  magnitude  of  the  mean  annual  motions. 
Their  scale  (o''i)  is  indicated  on  the  illustration.  The  scale  of  the  nebula  is 
I  mm  =  9  "3.     The  comparison  stars  are  inclosed  in  circles. 
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No. 


/^S 


93 
94 
95 
96 
97 
98 

99 
100 

lOI 

102 
103 
104 

loS 
106 
107 
108 
109 
no 


-2:9 

-2.7 
-0.9 

—  1.2 
+  0.6 

+  0.7 
+  1.2 

+  1-3 
+  1-5 
+  2.9 
+4-6 
+3-4 
+3-2 
+3-7 
+4-5 
+3-1 
+3-2 
-1-7 


—  2 

~5 
-6 

—  2 
-4 
-5 
-4 
-3 

—  5 
-4 
-5 
-3 

—  2 

—  I 

—  2 

-7 

—  7 

+3 


+oro5i 
+   47 


+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


3,3 
14 
25 
29 
36 
30 
43 
44 
74 
39 
44 
18 
66 
57 
55 
13 


-0.050 

-  73 

-  45 

-  32 

-  20 

-  24 

-  52 

-  23 
32 

6 


+ 
+ 
+ 
+ 
+ 
+ 


16 

25 
26 

27 
o 

13 
40 


internal  motion,  the  same  process  was  used  as  previously  in  the 
case  of  M  loi  and  M  51,  with  the  following  results: 

a)  The  mean  motion  of  the  104  nebular  points  (excluding 
Nos.  4,  28,  40,  42,  51,  and  54  for  reasons  given  on  page  347)  is 
iUa=+o''oi4,  )U5=-o:'oo2. 

h)  Combining  the  mean  motions  in  quadrants  I  and  III,  we 
have  /i„= +0^0175,  fis=  —o'!oo$;  while  for  quadrants  II  and  IV, 
/i„= +o''oi2s,  ;U5=— o''oo8.  All  four  quadrants  combined  give 
lx^=+o':ois,  ixs= -o':oo6^. 

c)  Excluding  points  outside  a  circle  with  radius  5. '5,  we  find 
for  quadrants  I  and  III  /ia=  +o''oi7,  tx5=  —  o('oo6;  for  quadrants 
II  and  IV  /!„= +o''oii^,  jU5=— o''oo6.  For  all  four  quadrants 
ju„=+o''oi4,  H5=  —  o:'oo6. 

For  the  motion  of  the  nebula  as  a  whole  the  mean  result  from 
the  three  methods  is 

/ia  =  +o''oi4,        /x«=— o''oo5. 

Subtracting  these  values  from  the  annual  motions  given  in  Table  I, 
we  derive  the  internal  motions,  which  are  given  in  the  second  and 
third  columns  of  Table  11.  These  motions  are  plotted  in  Plate  IV. 
For  the  comparison  stars,  which  are  surrounded  by  circles,  the 
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TABLE  II 
Anxu.ax  Internal  Motions 


No. 


/^^ 


Rotational 


Radial 


Stream 


Transverse 


3 
4 
5 
6 

7 
8 

9 

lO 

II 

12 
13 
14 

IS 

16 
17 
18 

19 

20 

21 
22 
23 
24 
25 
26 

27 
28 
29 
30 
31 
32 

33 
34 
35 

36 
37 
38 
39 
40 

41 
42 

43 
44 
45 
46 
47 
48 

49 


+o''oo9 
+  8 
-  3 
15 
38 
24 
18 
29 
28 
45 
39 
13 


44 
37 
II 
26 

31 
46 

37 
38 
6 
38 
29 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

-  2 
+    6 

-  19 

-  18 

-  51 

-  42 

-  26 

-  21 

-  30 


36 
49 
30 
30 
18 
29 
14 
19 
17 
19 
9 
16 

IS 
5 


+o''o25 

+  31 

+  2>2 

+  20 

+  16 

-  26 

-  32 

-  17 

-  16 

-  20 

-  14 

-  26 

-  34 


+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

-  II 

-  19 

-  14 

-  19 

-  23 

~  7 

-  14 


7 
25 
25 

5 

15 
16 

45 
19 
72 
25 
36 
34 
19 
10 
22 
17 
24 
24 
16 

19 
10 
20 
14 
15 
20 

3 
17 

22 


+0^024 
+  32 
+       35 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


35 
30 
17 
35 
34 
57 
48 
2 
45 
59 
50 

35 
16 

45 

52 


82 
23 
i2, 
32 
14 


28 

63 
46 
35 
27 
38 
61 
45 
63 
36 
32 


+   51 


?>2> 
36 
36 
25 
34 
2 

14 


+o'ro25 

+    25 

+    6 


+o''oi7 
+  25 
+  32> 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


31 


34 
14 


30 
45 
12 

13 
18 

34 
9 
31 
10 
10 
14 
76 

S3 
38 
21 
23 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


15 
36 
28 
38 
37 
57 
50 
4 
50 
60 

51 
2>3 
14 
45 
55 
59 
85 
25 
91 
30 
32 
35 
18 


+ 

+ 
+ 
+ 
+ 

+ 

+ 
+ 


28 


10 

2 


29 
55 
54 
35 
27 
37 
52 
45 
58 
37 
39 


+ 

+ 
+ 


+   51 


2,3, 
36 
36 
25 
35 
o 

13 


+o''o30 
+  32 
+   12 


+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 


+ 


+ 


+ 


45 

8 

26 

3 
6 

20 

14 

30 
40 

3 


20 

35 

4 

22 

o 

8 

10 

65 

50 

39 

14 

19 


31 
6 

3 

4 
13 
34 

9 
25 

7 


4 
13 
19 
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No. 


I^a 


I^S 


Rotational 


Radial 


Stream 


Transverse 


50- 
51- 
52- 
53- 
54- 
55- 
S6. 
57- 
S8. 
59- 
6o. 
6i. 
62. 
63- 
64. 
65- 
66. 
67. 
68. 
69. 
70. 

71- 
72. 

73- 
74- 
75- 
76. 

77- 
78. 

79- 
80. 
81. 
82. 

83- 
84. 
8S- 
86. 
87. 


90. 
91. 
92. 
93- 
94- 
95- 
96. 

97- 
98. 
99. 

100. 


+ 


+ 

14 

+ 

16 

+ 

8 

+ 

22 

+ 

22 

— 

14 

— 

18 

+ 

5 

+ 

7 

+ 

Q 

— 

6 

-  43 

-  25 

-  37 

-  44 

-  59 

-  35 

-  24 

-  41 

-  52 

-  28 

-  44 

-  31 

-  37 

-  58 

-  14 

-  29 

-  23 


+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 


15 
14 

4 


16 
13 

37 
33 
19 


16 


-0.033 

+   15 

-  20 

-  32 

-  6 

-  30 

-  17 

-  15 
19 
44 
13 
32 
39 


+©''036 


+  0''002 


+0^036 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 


40 

37 

9 

26 

49 
47 
57 
9 
6 
28 
13 
13 
37 
16 
22 
16 
26 
30 
14 
31 
27 
37 


-  6 

-  13 

-  6 

-  31 

-  31 

-  45 

-  68 

-  40 


19 

47 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


24 
35 


+ 


+ 


24 
32 


35 
30 
29 
7 
45 
II 

44 
39 
26 

35 
40 

48 
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TABLE  11— Continued 


No. 


^'i 


Rotational 


Radial 


Stream 


Transverse 


lOI 
I02 

103 
104 
105 
106 
107 
108 
109 
1 10 


+ofo29 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


30 
60 

25 
30 

4 
52 
43 
41 

27 


+ 
+ 
+ 
+ 
+ 
+ 
+ 


-0.027 


+o'o32 


27 

21 
30 
31 
32 

5 


-   35 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


46 

94 
48 

59 
36 
70 
62 
50 
57 


+  0f028 

+    9 
+   28 

+ 
+ 
+ 
+ 
+ 
+ 


23 
6 

53 


17 
30 


+o'o33 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


45 
95 
39 
45 
34 
62 
62 

51 
62 


+o':o26 

+  14 
4-  21 
28 
44 
14 


+ 
+ 
+ 
+ 


62 
6 


+ 


motions  of  Table  I  are  used.  The  scale  of  the  motions  is  indicated 
in  the  lower  right-hand  corner.  The  arrows  represent  the  motions 
during  an  interval  of  about  1,300  years. 

As  in  the  case  of  M  loi,  33,  and  51,  there  is  a  question  as  to 
whether  the  displacements  are  best  represented  by  a  rotation  or 
by  a  motion  along  the  arms  of  the  spiral.  To  investigate  this,  the 
motions  were  resolved  into  (a)  rotational  and  radial  components; 
{h)  components  along  and  perpendicular  to  the  arms  of  the  spirals 
(stream  and  transverse  components).  In  order  to  do  this,  a 
diagram  was  made  in  which  the  foreshortening  of  the  nebula  was 
corrected.  This  was  necessary  because  M  81  is  decidedly  elliptical 
in  appearance,  due  undoubtedly  to  an  inchnation  of  the  plane  of  the 
nebula  to  the  tangential  plane  of  the  celestial  sphere.  It  was 
estimated  that  the  intersection  of  the  two  planes  is  in  position 
angle  149°  and  that  the  inchnation  is  49°.  Hence,  the  positions 
and  components  of  the  measured  objects  in  the  direction  of  position 
angles  149°  and  329°  were  made  the  same  in  the  diagram  as  on  the 
photographs,  while  distances  and  components  at  right  angles  to 
this  direction  were  increased  in  the  ratio  i/cos  49°  =  1.5.  The 
results  for  individual  points  derived  from  the  diagram  are  in  the 
last  four  columns  of  Table  II,  where,  as  before,  the  positive  sign 
is  used  for  motions  in  the  directions  north,  west,  south,  east,  and 
outward. 

The  mean  rotational  component  is  +0^038;  the  mean  radial 
component,  +o('oi3,  which  is  34  per  cent  of  the  rotational  vector. 
Since  the  mean  distance  of  the  nebular  points  from  the  center  is 
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5  .'8,  the  rotational  component  would  correspond  to  a  hypothetical 
period  of  about  6o,ooo  years.  The  mean  stream  component  is 
+o''o39,  with  a  transverse  component  of  +o''oo7. 

The  evidence  on  internal  motions  derived  from  the  four  nebulae 
which  have  been  measured,  viz.,  M  loi,  2)2)^  5i)  3,nd  8i,  is  sum- 
marized briefly  in  Table  III,  in  which  the  second  column  gives 
the  focal  length  used,  the  third  column  the  interval  in  years.  The 
next  four  columns  give  the  mean  rotational,  radial,  stream,  and 
transverse  components  of  the  motions  derived,  while  the  last  column 
gives  the  number  of  nebular  points  measured. 


TABLE  III 

SxBDiARY  OF  Internal  Motions  in  Spiral  Nebulae 
(Unit  for  motions  and  their  probable  errors  is  o'ooi) 


Object 


Focus  in 
Feet 

Interval 
in  Years 

Rotational 

Radial 

Stream 

Transverse 

25 

i8 
i8 

5 

9 

15 

+  2I±I 
+  20±2 
+  I2='=2 

+  5*1 

+    6±2 

+  7*2 

+  2i=fci 

+  22=fc2 
+  14*2 

o±i 

-    3*2 

+    2±2 

25 

So 

10 

5 

+  20±3 

+  14*4 

+    6±2 
+  12*3 

+  24*3 
+  l8±4 

—     2=t2 
+    4*3 

25 

II 

+  19*1 

+  8±i 

+  2I=fcI 

+  3*1 

25 
25 

6 
n 

+  20±4 

+38*1 

+  17*3 
+  13*1 

+  25*3 

+39*1 

+  16*3 
+  7*1 

M  loi*. 
M  loit- 
M  loif- 


M33. 
M33. 


M51. 

M81. 
M81. 


87 
69 
46 

30 

21 

79 

52 
104 


♦Including  the  measures  by  Mr.  Nicholson,  Mt.  Wilson  Contr.,  No.  ii8,  i8,  1916. 
t  Photographs  taken  with  the  Crossley  reflector  of  the  Lick  Observatory.    All  others  were  taken 
with  the  60-inch  reflector  at  Mount  Wilson. 

All  pairs  of  plates  show  the  same  type  of  motion,  and  when  we 
keep  in  mind  the  different  numbers  of  points  measured,  the  agree- 
ment in  the  values  of  the  motion  for  each  nebula  derived  from 
different  pairs  of  plates  is  as  satisfactory  as  could  be  expected. 

The  rotational  components  would  correspond  to  the  following 
periods:  for  M  loi,  85,000  years;  for  M33,  160,000  years;  for 
M  51,  45,000  years;  for  M  81,  58,000  years. 

For  M  loi  there  is  no  appreciable  change  in  the  measured 
rotational  component  with  distance  from  the  center,  but  for 
M33,  51,  and  81  there  appears  to  be  some  increase  of  motion 
with  distance. 
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All  four  nebulae  show  a  large  outward  radial  component, 
which  for  M  loi  is  32  per  cent  of  the  rotational  component;  for 
M  T)^,  48  per  cent;  for  M  51,  42  per  cent;  for  M  81,  34  per  cent. 

The  transverse  components  are  in  general  very  small  and  well 
within  the  limits  of  error,  although  the  positive  value  for  M  81 
may  be  real.  In  all  cases,  however,  the  measured  displace- 
ments agree  better  with  the  hypothesis  of  outward  motion  along 
the  arms  of  the  spiral  than  they  do  with  an  assumed  rotation  of 
the  nebulae  as  a  whole. 

The  close  agreement  of  the  displacements  in  direction  with 
the  spiral  arms  suggests  that  we  have  here  a  realization  of  the 
motions  described  by  Jeans  in  Problems  of  Cosmogony  and  Stel- 
lar Dynam,ics,  from  which  I  quote  freely. 

If  so,  we  must  then  suppose  that  before  the  formation  of  the 
spiral  arms  the  nebular  masses  were  rotating  and  had  reached  a 
lenticular  shape.  The  formation  of  Laplace's  ring  requires  perfect 
symmetry  of  mass  about  the  axis  of  rotation.  The  distances  of 
adjacent  masses  in  space  are  in  general  so  great  that  their  gravita- 
tional influence  will  be  extremely  small,  but  even  the  slightest 
external  gravitational  field  will  be  sufficient  to  preclude  the  forma- 
tion of  a  ring;  instead  of  this,  the  matter  will  be  thrown  off  at  two 
antipodal  points.  The  masses  first  thrown  off  at  the  antipodal 
points  form  in  themselves  a  tide-generating  system  which  con- 
centrates the  region  of  ejection  more  and  more  at  two  points. 
The  result  is  an  extension  farther  and  farther  into  the  equatorial 
plane  as  the  evolution  of  the  nebula  proceeds.  The  determination 
of  the  shape  of  the  arms  seems  at  present  to  be  beyond  the  reach 
of  mathematical  analysis,  but  the  long  streams  of  gaseous  matter 
must  become  longitudinally  unstable  and  will  tend  to  break  up 
into  condensations  or  nuclei. 

Mount  Wilson  Observatory 
July  192 1 
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ANALYTIC  INDEX  OF  ASTROPHYSICAL  JOURNAL  FOR 

1920  AND  1921.  VOLUMES  51-54,  BASED  ON 

THE  ANALYTIC  ABSTRACTS 

INTRODUCTION 

For  two  years  analytic  abstracts  have  been  accompanying  the 
articles  in  the  Astrophysical  Journal.  The  use  of  italicized  sub- 
titles has  emphasized  the  fact  that  most  titles  do  not  describe  the 
contents  completely  and  precisely.  Evidently  an  index  of  the 
titles,  such  as  that  provided  by  the  Journal,  however  well  made, 
cannot  be  a  complete  and  precise  index  of  the  contents;  and  since 
in  connection  with  the  abstracts  subtitles  have  been  prepared  which 
aim  to  be  both  complete  and  precise,  why  not  fonn  an  index  of 
them?  This  has  in  fact  been  done;  and  the  index  entries  have 
been  thoroughly  classified  so  as  to  get  all  the  references  to  each  par- 
ticular subject,  like  X-rays  and  Zeeman  effect,  together.  It  is 
hoped  that  the  following  analytic  index  made  in  this  way  will  not 
only  prove  of  value  to  the  readers  of  the  A  strophysical  Journal  but 
will  also  recommend  itself  so  highly  that  other  journals  will  provide 
such  indexes  and  especially  that  our  abstract  journals  will  do  so. 
The  number  of  words  in  the  following  index  is  only  twice  the 
number  in  the  corresponding  title  indexes,  and  while  the  labor 
of  making  it  is  of  course  considerably  greater,  it  need  not  be  exces- 
sive if  properly  organized,  and  no  unusual  ability  is  required  on  the 
part  of  the  indexer. 

INDEX 

For  references  to  spectra  and  spectroscopy  of  elements  and  compounds  see  Spectra. 

Absorption  of  light  Atmosphere  {see  also  Sky) 

by  atmosphere,  31  s-2go  >i/i;  coefficients,  54,  297  absorption   of   light,    315-290 ///i;     coefficients, 

by  vapors  in   King's  electric  furnace;    Kirch-  54,  297 

hoff's  law  applied  to,  51,  13  absorption    spectrum    (Fraunhofer    lines)    {.see 

Aethylamine,  preparation  of;  method,  52,  1 29  Sun,  spectrum) 

Angles,  extremely  small;   interferometer  method  dispersion    of     light;      measurement;      stellar 

of  measurement,  51,  257  interferometer  method  suggested,  51,  263 

Arc  ozone  in;  amount,  daily  variations,  location,  and 

low<urrent;    anode  fall,  cathode  fall,  potential  suggested  origin,  54,  297 

and  potential  gradient  as  functions  of  cur-  Atomic  theory,  Bohr  {see  Spectra,  theor>-) 
rent,  to  i  amp.,  for  various  cathode  ma- 
terials (Ag,  C,  Cd,  Cu,  Fe,  Sn,  Zn,  and  Benzene;  dispersion,  rotary  magnetic,  436-620 /i/i; 
salts  of  Ba,  Ca,  Cs,  Na,  and  Sr),  54,  273  54,  45 
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Benzene,    nitro-;    dispersion,   rotary    magnetic, 
436-620  MM.  54>  45 

Binaries,  spectroscopic  {see  also  Variables) 
Boss   373,   elements   of   both   orbits,   parallax, 

and  proper  motion,  53,  201 
Boss  3644,  Virginis,  elements  of  orbit,  54,  226 
Boss  5026,  elements  of  both  orbits,  51,  187 
Boss  S59I,  elements  of  both  orbits,  parallax, 

and  proper  motion,  53,  201 
+65°369  Camelopard,  radial  velocity,  52,  198 
a   Capella,   elements    determined   by  interfero- 
meter, 51,  263 
49  S  Capricorni,  elements  of  orbit,  54,  127 
12,  isK,  42,  and  50  Cassiopeiae,  radial  velocities, 

52,  198 
19  Cephei,  radial  velocity  variations,  51,  252 
13  Ceti,  binary  component;   elements  of  orbit, 

52,  no 
Class  Oe5:   19  Cephei,  A  Cygni,  9  Sagittae,  and 
4  more;   radial  velocity  variations,  51,  252 
A  Cygni,  radial  velocity  variations,  51,  252 
X  Cygni  (Cepheid).  spectroscopic  orbit,  53,  95 
65  T    Cygni,    binary    component,    elements    of 

orbit,  53,  144 
34  4'',  68,  71,  +62°i637  Draconis,  radial  veloci- 
ties, 52.  198 
205  Draconis,  elements  of  both  orbits,  parallax 

and  proper  motion.  53,  201  < 

dynamics;   tides  on  sphere  due  to  second  sphere 

rotating  around  it,  51,  309 
comp.  a  Hercules,  elements  of  orbit,  parallax  and 

proper  motion,  53,  201 
Lalande   29330  and   46867,   elements  of  orbit, 

parallax  and  proper  motion,  53,  201 
magnitudes,  absolute  {see  parallax) 
measurement  of  relative  brightness  and  position 
of    components;     interferometer    method, 
51,  257,  263 
orbits;   elements   of,   including   periods,  radial 
velocity     curves,     mass     functions       {see 
Boss  373,   3644,   5026,   5591;     a   Capella, 
49  S  Capricorni,  13  Ceti;   X  and  65  t  Cygni, 
205  Draconis,  comp.   a  Hercules,  Lalande 
29330  and  46867,  02  82) 
measurement  of;    interferometer  method,  51, 

257 
origin,  theory  of,  from  nebulae,  51,  309 
TT'  Orionis,  photometric  study,  51,  218 
OS  82,  elements  of  orbit,  parallax,  and  proper 

motion,  53,  201 
parallax  and  absolute  magnitude    {see  Boss  373, 
5591;     205    Draconis,    comp.    a   Hercules, 
Lalande  29330  and  46867,  OX  82,  53,  201) 
proper  motion   {see:   Boss  373,  559i;    205  Dra- 
conis,  comp.    a   Hercules,   Lalande    29330 
and  46867,  OS  82,  53,  201) 
radial    velocity     [see    orbits,    also    -|-65°369, 
Camelopard;  12,  15K,  42,  and  50  Cassio- 
peiae, Class  Oes;  34^-,  68,  71,  +62°i637 
Draconis,  21  ir  Ursae  Minoris) 


radiation  pressure  between  components,  theory, 

53,  I 
9  Sagittae,  radial  velocity  variations,  51,  252 
spectrum  of  Boss  2830,  comp.   a  Geminorum, 

and  W  Serpentis;    notes,  53,  13 
theory     {see    dynamics,   origin,   and   radiation 

pressure) 
21  TT  Ursae  Minoris,  radial  velocity,  52,  198 
Binaries,  visual  (Double  stars) 

13  Ceti,  orbit,  52,  no  {see  Triple  systems) 

a  Hercules  and  comp.;    probably  optical  pair, 

53.  20I 
measurement     of     separation,      photographic; 

possible  errors  due  to  mutual  action,  53,  349 
Brightness  {see  Clusters,  Comet,  Galaxy,  Magni- 
tudes, Nebulae,  Novae,  and  Sky) 
Brightness  ratio,  of  palladium  point  to  gold  point, 

51.  244 

Camphor 

dispersion,  rotary;   magnetic  and  natural;   solu- 
tion in  ethyl  alcohol,  54,  116 
refractive    indices    for    i :  i    solution    in    ethyl 
alcohol;   436-620  mm.  54»  n6 
Carbon  disulfide;    dispersion,   rotary,   magnetic; 

436-620  MM,  54.  45 
Cathode,  for  vacuum  tube 

carbon,  limed;   preparation,  53,  323 
use  as  source  of  large  current,  53,  323 
Cathode  rays;  excitation  of  light  in  air;  intensity 

for  1500-3500  volts,  52,  278 
Cepheids  {see  Variables) 
Cluster  stars 

catalogue,  photometric  (colors  and  magnitudes) 
in  Messier  3,  848  stars,  51,  140 
in  Messier  68,  56  giants,  51,  49 
colors  {see  catalogue) 

distribution    (number)  {see  M3   and  M68) 
relation  to  magnitude  {see  M3  and  M68) 
variation  with  radial  distance  {see  M3) 
giants  {see  M68) 

color;    relation    to   magnitude,   general   con- 
clusions, 51,  49 
magnitudes  {see  catalogue) 

distribution  (number)  {see  M3  and  M68) 
relation  to  color  {see  M3  and  M68) 
variation  with  radial  distance  {see  M3) 
in  Messier  3;   photometric  analysis,  51,  140: 
colors  and  magnitudes 
catalogue  of  848  stars 
distribution    (number   of   each   color   and 

magnitude) 
distribution   in  space,   variation  with   dis- 
tance from  center 
relation  between  color  and  magnitude 
position  co-ordinates  of  370  stars 
variables,  17  probable 
in  Messier  53  (N.G.C.  5024);  variables 

positions  of  23  show-n  in  photograph,  52,  73 
in  Messier  56  (N.G.C.  6779);  variables 
positions  of  3  shown  in  photograph,  52,  73 
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Cluster  stars  [cant.) 
in    Messier    68    (N.G.C.    4S9o);     photometric 
analysis,  51,  49: 
giants,  colors,  and  magnitudes 
catalogue  of  56 
distribution    (number    of    each    color    and 

magnitude) 
relation  between  color  and  magnitude 
variables;    colors,  magnitudes,  positions,  and 
ranges  of  variation  of  28 
in  Messier  72  (X  G.C.  6891) 

comparison  stars,  magnitudes  of  29,  52,  232 
variables;     periods   and   light   curves   of    26 
Cepheids,  52,  232 
position  of  34,  in  photograph,  52,  73 
in  Messier  75  (N.G.C.  6864);   variables 

position  of  16,  in  photograph,  52,  73 
in  N.G.C.  7006  and  7789;    number,  52,  73 
number,  in  N.G.C.  7006  and  7789,  52,  73 
number    of    each    color    and    magnitude     {see 

M3,  M68) 
variables  (see  M3,  53,  56,  68,  72,  75;   Variables) 
Clusters  {see  also  Cluster  stars) 
analysis,  photometric  (colors  and  magnitudes  of 

the  stars)  {see  Messier  3  and  68) 
brightness  of  average  cluster,  52,  73 
diameter,  of  N.G.C.  7006  and  7789,  52,  73 
form  of  Messier  68,  71,  49 
magnitude,  absolute  {see  parallax) 
Messier  3;  photometric  analysis,  51,  140 
Messier  8  (N.G.C.  6530),  photograph,  51,  4 
Messier  16  (N.G.C.  6611),  photograph,  51,  4 
Messier  22  (N.G.C.  6656),  photograph,  51,  4 
Messier  53  (N.G.C.  5024),  photograph,  52,  73 
Messier  56  (N.G.C.  6779),  photograph,  52,  73 
Messier  68  (N.G.C. 4590);  analysis,  photometric; 
form;     computed     paralla.x;     photograph, 
51,49 
Messier  72   (N.G.C.  6981);    parallax,  52,   232; 

photograph,  52,  73 
Messier  75  (N.G.C.  6864);   photograph,  52,  73 
N.G.C.    7006;     diameter,    parallax     and    star 

counts,  52,  73 
N.G.C.  7492,  photograph,  52,  73 
N.G.C.    7789;     diameter;     number    of    stars, 
52.  73 
parallax  and  absolute  magnitude  {see  Messier 

68,  72;  N.G.C.  7006) 
average  cluster,  brightness,  52,  73 
computation,  methods,  51,  49 
globular  clusters,  forty,  52,  73 
photographs,  large  scale  (60-inch) 

Messier   53,   56,    72,    73   and   N.G.C.    7492, 

showing  variable  stars,  52,  73 
Messier  68,  showing  variables,  51,  49 
in  Sagittarius  and  Scutum,  including  Messie 
8, 16,  and  22,  51,  4 
stais  in  {see  Cluster  stars) 
Colors     [see    Cluster   stars.    Novae,    Stars,  Vari- 
ables) 


Comets 

19196-     brightness,    photographs,    behavior    of 
tail,  51,  103 

Morehouse's;   rejection  of  tail,  51,  103 

tail,  rejection  of;    instances  and  stages,  51,  103 
Constant  stars  {see  Stars) 
Cordoba  Observatory  Catalogue 

correction  for  position  o!  star  124,51,  51,  4 
Corona  (see  Sun) 

Dark  markings  {see  Nebulae,  dark) 
Diameters,  of  planetoids,  satellites  and  stars 

measurement  {see  Interferometer,  stellar) 
Discharge  through  gases 

occlusion  of  RaEm,  54,  285 
Dispersion 
by  atmosphere;    measurement;    interferometer 

method  suggested,  51,  263 
theory,  electron,  modified  to  include  variation 
with    temperature,    51,    223;     note    as    to 
priority,  53,  326 
Dispersion,  rotary     {see     Camphor.     Limonene, 

Sugar,  Tartaric  acid,  54,  ii6) 
Dispersion,    rotary,    magnetic     {see     Benzene, 
nitro-Benzene,  Camphor,  Carbon  disulfide. 
Ethyl     iodide,     Limonene,     a-monobrom- 
Naphthalene,  Sugar,  Tartaric  acid) 
theory,  electron,  extended 
isotropic  transparent  media,  54,  45 
optically  active  media,  54,  116 
Double  stars  {see  Binaries,  visual) 
Dynamics 
binary  system  {see  Binaries,  spectroscopic) 
single  mass,  rotating;    equilibrium,  51,  309 
potential  of  distorted  ellipsoid,  51,  309 

Eclipse  (see  Sun) 

Einstein  effect  (see  Gra\dtation) 

Electron  theory   {see  Dispersion  and  Dispersion, 

rotary,  magnetic) 
Electrons;     e/m    for    those    active    in    magnetic 

rotar\'  dispersion,  computed,  54,  45 
Emission  of  light,  in  discharge  tube 

intensity    as    function    of    energy    of    exciting 

cathode  rays,  52,  278 
Equilibrium  (see  Dynamics) 
Ethyl  iodide;    dispersion,    magnetic  rotary,  436- 

620  MM,  54.  45 
Exploded  wire,  source  of  high  temperature  spectra 

(see  Spectra) 
appearance  and  mechanical  effects  (Plate),  51,  37 

Fluorine;  preparation  of  gas  by  electrolysis,  54, 133 
Furnace 

black  body,  double  platinum  wound,  51,  244 

electric  (see  Spectra) 

vacuum,  cathode  ray,  for  high  temperature,  53, 

Galaxy 

brightness,   surface,   as  \iewed   from   distance, 
52, 162 
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Galaxy  {coni.) 
comparison  with  typical  spiral  nebulae.  52,  162 
distribution  of  stars  in;   section,  52,  23 
origin;   theory,  51,  3og 
radiation  pressure  exerted  on  nebulae,  S3,  i 
Giant  stars  (set  Cluster  stars  and  Variables) 
Gratings  (see  Spectra) 

polarizing  effect  on   reflected  and   transmitted 

light,  51,  129 
theorj',    Rayleigh-Voigt;     evidence    confirming, 
51,  129 
Gravitation 
attraction  on  nebulae  due  to  Galaxy,  53,  i 
Einstein    effect;      photographic    measurement; 
possible    error    due    to    mutual    action    of 
adjacent  images,  52,  gS;   53,  349 
Majorana's  theory;   astronomical  consequences. 
54.  334 

Hydrogen;  production  by  high  potential  sparks, 
apparent,  52,  47 


Integral,  definite 

table  of  values  of    |    (j  _j-j)"  +  5  cos  kx-dx.  53, 

249 
Interferometer,  stellar  (Michelson's) 
description 

100-inch;   accuracy  and  limits,  51,  263 
20-foot;  construction,  adjustments,  and  pho- 
tographs, 53,  249 
modification  to  compensate  for  atmospheric 
dispersion,  51,  263;   54,  78 
effective  wave-length,  determination,  51,  263 
measurements 

o  Capella;    separation  and  positions  of  com- 
ponents, and  inclination  of  orbit,  51,  263 
theorj^  and  uses;   to  measure 
angles,    extremely    small,    and    changes    of 

angle,  51,  257 
diameters  of  planetoids,  satellites,  and  stars, 
51,    257;     also   distribution   of    luminosity 
on  the  disks,  53,  249 
dispersion  of  the  atmosphere,  51,  263 
parallaxes  and  relative  motions  of  stars,  51, 

257 
relative  brightness,  position,  and  separation  of 
double  stars  (binaries),  51,  257,  263 

Jean's  contributions  to  theorj'  of  cosmic  origins, 
51.  309 

Kirchhofi's  law  [see  Absorption) 

Light  (see  Absorption,  Dispersion,  Emission,  Polar- 
ization, Radiation,  Refraction,  Spectra) 
Limonene 

dispersion,  rotary,  magnetic,  and  natural,  436- 

620  ^fi,  54,  116 
refractive  indices,  436-620  tin,  54,  116 


Magnetic  rotary  dispersion  (sfc  Dispersion) 
Magnitudes  (see  Binaries,  Clusters,  Cluster  stars. 

Stars.  \'ariables) 
Markings,  dark  (see  Nebulae) 
Mass,  constancy  of;  possible  influence  of  one  body 

on  the  mass  of  another.  54,  334 
Melting-point,  of  palladium.  51,  244 
Meteorites,  falling  into  sun;    light  to  be  expected 

from.  51,  37 
Molecular  models,  Bohr  type,  of  halogen  acids,  as 

basis  for  theory  of  band  structure,  51,  230 

Naphthalene,  a-monobrom-;  dispersion,  rotary, 

magnetic,  436-620  mm,  54,  45 
N.G.C.;    corrections  to  descriptions  and  positions 

of  various  nebulae,  51,  276 
Nebulae 
attraction,  gravitational,  by  Galaxy,  53,  i 
brightness,  surface,  of  nebulous  areas 

measurement,  photographic  method,  53,  162 
spirals;   results  for  well-known  nebulae  com- 
pared with  value  for  Galaxy,  52,  162 
catalogue,  descriptive,  of  330.  51.  276 
changes  in  N.G.C.  1555  and  2245,  51,  276 
constant  (unchanged);    N.G.C.  995,  1186,  2024, 

and  7023,  51,  276 
dark  clouds  or  markings;    photographs 

I.e.  II,  5146,  Cygnus;   unique  array,  51,  276 
N.G.C.  2146,  Camelopard,  51,  276 
near  f  Orionis,  including  Barnard  33,  53,  392 
in  Sagittarius  and  Scutum;  N.G.C.  6523  (M8), 
66n  (M16),  and  6618  (M17),  51.  4 
forces   acting   on;     electrostatic,    gravitational, 

and  radiative,  53,  1 
internal  motion  in  spirals  (see  Messier  51,  81) 
I.e.  431,  432,  and  434;   photographs,  53,  392 
I.e.  II,  5x46,  Cygnus;    dark  markings;    photo- 
graph, 51,  276 
Messier  8  (N.G.C.  6523);    photograph,  51,  4 
Messier    16    (N.G.C.    6611);    photograph    and 

spectrum,  51,  4 
Messier  17  (N.G.C.  6618)  (Swan);    photograph, 

51.4 
Messier  5t  (spiral);  internal  motion,  photograph, 

and  proper  motion,  54,  237 
Messier8i  (spiral);  internal  motion,  photograph, 

and  proper  motion,  54,  347 
N.G.C.  1555  and  2245;   changes  in,  51,  276 
N.G.C.    1700  and   3379;     radial    velocity   and 

spectrum,  51,  276 
N.G.C.  2023  and  2024;   photograph,  53,  392 
N.G.C.  2146;   photograph,  51,  276 
N.G.C.  2261  (Hubble),  theoretical  explanation, 

53,  169 
N.G.C;    corrections  to  descriptions  and  posi- 
tions of  various  nebulae,  51,  276 
new;    descriptive  catalogue  of  255,  51,  276 
origin,  theory  of 

N.G.C.    2261,    with    fan-shaped    appendage, 
S3,  169 
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Nebulae  (conl.) 
origin,  theory  of  (conl.) 

planetary  nebulae,  by  collision,  54,  229 
spirals,  54,  347;   Jeans'  theory,  51,  309 
photographs,  large  scale  {see  I.C.  431,  432,  434; 
IC.  II,  5146;   M8,  16,  17,  SI,  81;   N.G.C. 
2023,  2024,  2146;    also  dark  clouds) 
near  f  Ononis,  53,  392 
in  Sagittarius  and  Scutum,  51,  4 
spirals;   N.G.C.  2146  and  15  others,  51,  276; 

M5i,S4,  237;   M81,  54,  347 
misc.:  I.C.  I,  1470;  N.G.C.  1491,  2245,  2247, 
2294,  2359,  3379,  3384.  and  6888,  51,  276 
planetary,  origin;   collision  theory,  54,  229 
proper  motion  {see  Messier  51  and  81) 
radial  velocity 
explanations  suggested;   discussion,  53,  i 
N.G.C.  1700  and  3379,  51,  276 
radiation  pressure  on,  due  to  Galaxy,  53,  i 
spectrum  isee  M16;    N.G.C.  1700  and  3379) 
nebulosity  around  six  nebulous  stars,  52,  8 
spirals     (see     brightness,     catalogue,     internal 
motion,   new,   origin,   photographs,   proper 
motion) 
Swan  (N.G.C.  6618);    photograph,  51,  4 
theory  (see  N.G.C.  2261,  origin,  radial  velocity) 
effect  of  passage  of  a  star  near  or  through  a 
nebula,  53,  169;  54,  229 
types,  four;   examples,  53,  392 
variable  (see  changes) 
Nebulous  areas;    brightness  (see  Nebulae) 
Nebulous  stars  (see  Stars) 
Novae 
brightness  and  color  of  Persei  No.  2,  52,  183 
definition  suggested,  54,  229 
Ophiuchi   1919;   spectrum   and  radial  velocity, 

51,  121 
origin,  collision  theory,  54,  229 
spectrum 
Ophiuchi    1919 ;    shifts   of   lines   and   bands, 

51.  121 

shifts,  simple  interpretation,  51,  121 
theorj'  (see  origin) 

Occlusion,  of  RaEm  in  discharge  tubes,  54,  285 
Origin;    theory  of  (see  Binaries,  Galaxy,  Nebulae, 
Novae,  Solar  system.  Variables) 
cosmic  origins;    Jeans'  contributions,  51,  309 
Ozone,  in  atmosphere  (see  Atmosphere) 


Photo-electric  photometer,  for  sta  rs 

description,  51,  193;    precision,  53,  105;   54,  81 
Photographic  plates;  properties 
contrast    functions   7   and    F;     variation    with 

wave-length;    Purkinje  effect,  52,  86 
drying,  time  of;  effect  of  exposure  on,  53,  349 
grain  size;    relation   to  sharpness,   theoretical, 

52,  201 
images 
contraction    and    distortion    during    drying, 

52.98 
mutual  action  of  adjacent  spectrum  lines  and 
stars;    analysis  of  effects  involved;    varia- 
tion with  exposure,  53,  349 
sections  of  star  images.  Plates.  52,  86,  98 
intensification;  effect  on  resolving  power,  52,  2ot 
penetration  of  light  of  different  wave-lengths, 

52,  86 
resolving  power 
effect  of  intensification,  52,  201 
relation   to  grain  size  and  sharpness,   theo- 
retical, 52,  201 
variation  with  development  and  wave  length 
52,  201 
sharpness 

measurement;  improved  method,  52,  201 
relation  to  contrast  and  turbidity,  52,  201 
variation  with  development  and  wave-length 
52,  201 
shifts  of  spectrum  lines  and  star  images  due  to 
mutual    action    of    adjacent    images    (see 
images) 
theoretical   relations   for   resolving   power   and 

sharpness,  52,  201 
turbidity;   variation  with  wave-length,  52,  201 
Photographs  (sec  Clusters,  Comets,  Nebulae.  Sun) 
Photometer  (see  Photo-electric  photometer) 
Photometry,  photographic,  heterochromatic;   dis- 
cussion and  warning,  52,  86 
Planetoids,  diameter;    measurement,  interferom- 
eter method,  51,  257 
Polarization 

measurement,  using  gratings;  warning,  51,  129 
produced  by  gratings,  reflected  and  transmitted 
light,  51,  129 
Prominences,  solar  (see  Sun) 
Proper  motion  (see  Binaries,  Nebulae,  Stars) 
Purkinje  effect,  photographic,  52,  86 

Quantum  theory  (see  Spectra) 


Palladium,  melting-point,  51,  244 
Parallax  (see  Binaries,  Clusters,  Stars,  Variables) 
Photo-electric  cells 
alkali  metals  and  hydrides;    color  sensitiveness 

curves,  52,  129 
fatigue  tests  for  K  and  KH  cells,  52,  1 29 
preparation  of  Li  cell,  52,  129 
sensitiveness,  color,  for  30  cells,  including  all 
alkali  metals  and  hydrides  of  Na,  K,  Rb, 
and  Cs,  52,  129 


Radial  velocity    (see   Binaries,   Nebulae,   Novae, 

Stars) 
Radiation 
constant    c-;     computed    from    gold   point   to 

palladium  point  ratio,  51,  244 
pressure 
on   atoms   and   electrons;     theory   based   on 

classical  dynamics,  52,  65 
between  binary  stars,  53,  i 
on  nebulae  due  to  Galaxy,  53,  i 
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Radium  emanation  i  Niton) 
occlusion  in  discharge  tube,  54,  285 
purification;  modification  of  Duane's  apparatus, 
54,  28s 
Refractive     indices     (see    Camphor,     Limonene, 
Sugar,  Tartaric  acid) 

Satellites,  diameter;  measurement;  interferometer 

method,  51,  257 
Scandium,  carbide;    possible  formation  in  electric 

furnace.  54,  28 
Sky,  night;    brightness;    various  determinations; 

discussion,  52,  123 
Solar  corona  and  prominences  (see  Sun) 
Solar  system,  origin;   tidal  theory,  51,  309 
Spectra  and  spectroscopy 
absorption  spectra 

exploded  wire,  of  Fe,  X  2270-5645  A,  spectro- 
gram, 51,  37 
furnace,  electric,  of  Ba,  Ca,  Co,  Fe,  Ni,  and 
Ti;   variation   of   relative    intensities    with 
temperature,  51,  13 
production  of 
electric  furnace  spectra,  51,  13 
high    temperature    spectra,    extreme ;     ex- 
ploded wire  method,  51,  37 
theorj'  (see  halogen  acid  gases) 

Kirchhoff's  law  applied   to  electric  furnace 
spectra,  51,  13 
Zeeman  effect,  inverse  {see  Fe  and  V) 
air 

arc  spectrum;  two  new  lines,  54,  246 
spark  spectrum,  condensed 
effect  of  self-inductance  on  relative  intensi- 
ties, 590-872  jiM.  Si>  236 
identification  of  Ar.  N,  and  O  lines,  590- 

872  MM,  51.  236;   54,  76 
shift  with  reference  to  vacuum  tube  lines. 

51,  236 
wave-lengths,  590-872  mm.  5i>  236;   54,  76 
ammonia     bands,     visible     and     ultra-\-iolet; 

identification,  52,  301 

arc  spectra  (see  air,  Fe,  pole-effect,  pressure  shift) 

anode  and  cathode  spectra;   relative  behavior 

of    various    metal    lines;     variation    with 

atomic  weight,  54,  65 

comparison    with    furnace    spectra    {see    Ca, 

cyanogen,  and  Swan  bands) 
ionization  lines;  behavior,  54,  191,  246 
low-current;    variation  with  current;    excita- 
tion stages 

for  Ba,  Ca,  K,  Mg,  Na,  Sr,  54,  191 

for  Ag,  Bi,  Cd,  Cu,  and  Zn,  54,  246 

relation  of  results  to  Bohr  theor>'  and  Ritz 

equations,  54,  246 
standard  lines,  secondary;  comparison  of 
i2-mm  s-amp.  with  6-mm  6-amp.  arc, 
53.  260 
argon;  lines  in  condensed  spark  spectrum  in  air, 
590-872  MM.  51.  236;  54,  76;  shift  with 
reference  to  vacuum  tube  lines,  51,  236 


band  spectra  {see  ammonia,  cyanogen,  halogen 
acids,  Swan,  water,  C,  CO,  CO.,  CF,, 
H.S,  N,  SO,) 

arc  and  furnace  spectra;  comparison  of  in- 
tensity distribution;  CN  and  Swan  bands, 
53.  i6i 

Deslandres'  law;  test  with  nitrogen  positive 
bands,  52,  301 

theory  of  structure  of  infra-red  bands  {see 
halogen  acids) 

vacuum   tube   discharge   through    CO2,    HjS, 
XH,.  X,0,  X.0=,  and  SO.;    bands  excited 
in  \-isible  and  ultra-violet,  52,  301 
barium 

absorption  spectrum,  electric  furnace;  varia- 
tion with  temperature,  51,  13 

arc  spectrum,  low  current;  variation  with 
current,  54,  191 

classification  of  lines 

furnace  excitation,  infra-red,  51,  179 
low-current  arc  excitation,  54,  191 

infra-red  furnace  spectrum  to  856  fifi.  at  vari- 
ous temperatures,  51,  179 

series  of  single  lines  and  triplets;    identifica- 
tion of  terms;   constants,  51,  23 
binaries  (see  Binaries) 
bismuth 

arc  spectrum,  low  current;  variation  with 
current,  54,  246 

classification  of  lines,  arc  excitation,  54,  246 

structure 

of  XX  4122,  4308,  4722;    Plate,  53,  323,  339 
of  XX  3397,  3511,  3596;   Plate  only.  53,  323 
of  X  4722;    changes  in  relative  intensity  of 
components,  53,  339 
cadmium 

arc  spectrum,  low  current;  variation  with 
current,  54,  246 

classification  of  lines,  arc  excitation,  54,  246 

new  resonance  line,  X  3779,  54,  246 
calcium 

absorption  spectrum,  electric  furnace.  51,  13 

arc  spectrum,  low  current;  variation  with 
current,  54,  191 

classification  of  lines 

furnace  excitation,  infra-red,  51,  179 
low-current  arc  excitation,  54,  191 

furnace  spectra;  absorption,  emission  and 
mixed,  51,  13;   infra-red,  51,  179 

infra-red  furnace  spectrum  to  733  li/i,  at 
various  temperatures.  51,  179 

new  lines,  fifty,  52,  265 

pressure  shifts  to  i  atm.,  315-650  mm.  53,  224 

series  of  singlets  and  triplets;    identification 
of  terms;  constants,  52,  265 
carbon 

bands,  negative;   origin,  52,  301 

band,  positive,  fourth;    wave-lengths,  52,  301 

ultra-violet  vacuum  spark  spectrum;  X  1931- 
360  A;  Plate,  52,  47;  wave-lengths,  53,  150 

X-ray  spectrum,  L-series;  identification,  52,  47 
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carbon    dioxide;     bands   in    visible   and   ultra- 
violet, including  several  new,  52,  301 
carbon  monoxide;    bands  in  visible  and  ultra- 
violet;  identification,  52,  301 
carbon     tetrafluoride;      bands    in    visible    and 

ultra-violet;    wave-lengths,  54,  133 
cathode  rays;    intensity  of  N  bands  excited,  as 

function  of  energy,  52,  278 
classification  of  lines 

enhanced  lines.  Fowler's;    discussion,  54,  246 
furnace  excitation  stages.  King's  electric; 
for  Ba,  Ca,  Co,  Ni,  and  Sr;  infra-red,  51, 17Q 
for  Mn,  X  2795-6500  A,  53,  133 
for  Sc,  X  3015-6559  A,  54,  29 
low-current  arc  excitation  stages 
for  Ag,  Bi,  Cd,  Cu,  and  Zn,  54,  246 
for  Ba,  Ca,  K,  Mg,  Xa,  and  Sr,  54,  191 
comparison  with  furnace  classification,  54, 
246 
cobalt 
absorption  spectrum,  electric  furnace;    varia- 
tion with  temperature,  51,  13 
classification  of  lines;    furnace  stages;    infra- 
red to  809  uti,  51,  179 
infra-red    furnace    spectrum    to    809    /x/i,    at 
various  temperatures,  51,  179 
copper 

arc    spectrum,    low    current;   variation   with 

current,  54,  246 
classification  of  lines;    low-current  arc  stages 
and  comparison  with  furnace  stages,  54,  246 
continuous    background    obtained    with    ex- 
ploded wire  source,  51,  37 
cyanogen  bands 
intensity    distribution,    in    furnace    and    arc 

spectra,  53,  161 
X  3883  in  arc  and  furnace;   Plate,  53,  161 
excitation   of   spectra;    minimum    voltage;    he- 
lium spectra,  52,  i; 
variation  with  current  density;   helium,  52,  i 
exploded  wire  spectra  (extremely  high  tempera- 
ture absorption  and  emission  spectra) 
of  Cu,  Ni,  Mn;  continuous  background,  51,  37 
of  Fe;    absorption  spectrum,  X  2270-5645  A; 

Plate,  51,37 
production,  method,  51,  37 
use  for  study  of  pressure  shift  suggested,  51,  37 
fluorescence  spectra  (see  mercury,  54,  149) 
fluorine;     spark    spectrum,    visible    and   ultra- 
violet, of  pure  gas;  wave-lengths,  54,  133 
Fraunhofer  lines  (see  Sun,  spectrum) 
furnace  spectra,  electric 
absorption  spectra  of  metallic  vapors 

comparison  with  emission  spectra,  51,  13 
production,  method,  51,  13 
theory;  Kirchhoff's  law  applied  to,  51,  13 
variation  with  temperature;   spectra  of 
Ba,  Ca,  Co,  Fe,  Ni,  and  Ti,  51,  13 
Ba,  Ca,  Co,  Ni,  Sr;  infra-red,  51,  179 
Mn,  280-820  lifi,  53.  133 
Sc,  301-656  nit,  54,  28 


comparison  with  arc  spectra 
intensity  distribution  in 

cyanogen  and  Swan  bands,  53,  161 
spectra  of  Ba,  Ca,  Co,  \i,  Sr,  51,  179; 
Sc,  54,  28 
comparison  with  solar  spectrum;   Sc,  54,  28 
effect  of  small  potential  gradient,  52,  187 
infra-red    absorption    spectra    to   920  nn,   of 

Ba,  Ca,  Co,  Ni,  and  Sr,  51,  179 
mixed     absorption     and     emission     spectra; 

production,  method,  51,  13 
origin  of  radiation;   discussion,  52,  187 
red  fringe;    explanation,  52,  187 
variation  with  temperature  {see  furnace  absorp- 
tion spectra) 
Zeeman  effect  for  iron  lines,  51,  107 
grating  spectrograph 

comparison  with  interferometer,  53,  260 
ghosts   and    reversals;     use   of,   in    accurate 

measurements,  53,  260 
intensity  effect  on  wave-length  nil,  53,  260 
polarizing  effect  on  reflected  and  transmitted 

light,  51,  129 
ultra-violet,  extreme,  52,  47,  286;  53,  150 
halogen  acid  gases  (HBr,  HCl,  HF);    bands 
HCl  band  3.7  11;  wave-lengths,  law  of  spacing, 

evidence  of  satellites,  53,  300 
theory  of  structure  of  infra-red  bands 
isotopic  theory  of  doublets,  52,  248 
quantum  theor>',  based  on  simple  molecular 
model  of  Bohr  type,  51,  230 
helium 
excitation     of     various     spectra;      minimum 

voltage,  52,  I 
intensity,  relative,  of  series  lines  and  bands  in 
arc  spectrum;  variation  with  voltage,  52,  i 
ultra-violet,  extreme,  spark  spectrum;   identi- 
fication of  lines,  52,  47 
hydrogen,  Balmer  series 
shift  of  Hr.;    condensed   spark  in   air  com- 
pared with  vacuum  spectrum,  51,  236 
variations   in    relative   intensity   of   lines   in 
spectrum  of  Class  Md  variable  star,  53,  185 
hydrogen  bromide,   chloride,   and  fluoride   {see 

halogen  acid  gases) 
hydrogen  sulfide;  spectrum  of  discharge  through, 

52.  301 
infra-red  spectra  (see  air,  Ba,  Ca,  Co,  Ni,  Sr, 
halogen  acid  gases,  sun,  water) 
elimination    of    scattered    light    of    shorter 

wave-lengths,  53,  121 
screen  for  light  to  7200  A,  53,  121 
interferometer  spectrograph 
comparison  with  grating,  53,  260 
ghosts   and   reversals;    use   of,   for  accurate 

measurements,  53,  260 
intensity  effect  on  wave-length  nil,  53,  260 
reduction  of  measurements,  method,  53,  260 
ionization  lines,  in  low-current  arc;    variation 
with  current,  54,  191 


ANALYTIC  INDEX 


Spectra  Uonl.) 
iron 

absorption  spectrum 

furnace;  variation  with  temperature,  51,  13 

exploded  wire,  X  2270-5645  A;   Plate,  51,  37 
arc    lines,    X  3370-6750  A;     wave-lengths    of 

1026    lines,    measured    with    grating    and 

interferometer,  and  compared  with  Bureau 

of  Standards  results,  53,  260 
intensity  effect  for  arc  lines  nil,  53,  260 
pole-effect  in  Pfund  arc 

comparison  of   12-mm   5-amp.   with  6-mm 
6-amp.  arc,  53,  260 

relation  to  Zeeman  effect  nil,  53,  329 
ultra-violet  spark  spectrum  to  200  A;    Plate, 

52,  47;  wave-lengths,  53,  150 
variations   in    relative   intensity   of   lines   in 

spectrum  of  Class  Md  variable  stars,  53,  185 
Zeeman  effect 
furnace  lines;    direct  and  inverse  effect  for 
100   lines;    camparison  with   results  for 
spark  lines;  Plates,  51,  107 
relation  to  pole-effect  nil,  53,  329 
isotopes,  components  due  to 
measurement     of     separation;      displaceable 

slit-method  suggested,  53,  329 
theory,  for  case  of  bands  of  HBr.  HCI,  52,  248 
magnesium 
arc    spectrum,    low-current;     variation    with 

current,  54,  191 
classification  of  lines;   low-current  arc  stages, 
54.  191 
manganese 
classification    of    lines,    280-650  /x^;     furnace 

stages,  53,  133 
furnace  spectrum,  280-820  ^^;   variation  with 
temperature,  53,  133 
measurements 
errors,    possible,    due    to    mutual    influence 
of  adjacent  photographic  images,    52,  98; 

53.  349 

of  shifts,  minute;    displaceable  slit  method, 

suggested,  53,  329 
of  ultra-violet  wave-lengths,  extremely  short, 
53.  ISO 
mercury;    fluorescence  spectrum,  excitation  of; 
active     molecules;      relation     to     exciting 
spectrum,  54,  149 
mixed  absorption  and   emission   spectra;    pro- 
duction in  electric  furnace,  51,  13 
nebulae;   spectra  {see  Nebulae) 
neon;   low-voltage  spectrum  of  trace  of  neon  in 

helium,  52,  i 
nickel 
absorption  spectrum,  electric  furnace;    varia- 
tion with  temperature,  51,  13 
classification  of  lines,  furnace  stages;    infra- 
red to  780 /i/i,  51,  179 
infra-red    furnace    spectrum    to    920 /i/x;     at 
various  temperatures,  51,  179 


ultra-violet  spark  spectrum  to  731  A;    Plate, 
52,  47;   wave-lengths,  53,  150 
nitrogen;   band  spectrum 

excitation    by    vacuum    discharge     through 

N2O  and  X^Oj,  52,  301 
intensity  as  function  of  energy  of  the  exciting 

cathode  rays,  52,  278 
new    ultra-violet    positive    bands   from    low- 
current  arc  in  air,  possible,  54,  246 
stiucture;    divergence  from  Deslandres'  law, 

52,  301 
wave-lengths  of  third  positive,  52,  301 
nitrogen;   line  spectrum 

identification  of  lines  in  condensed  spark  in 

air,  590-870  MM,  SI.  236;    54,  76 
relative   intensity;     effect   of   self-inductance 

with  spark,  51,  236 
shift  of  spark  lines  with  reference  to    vacuum 
tube  lines,  51,  236 
nitrogen     peroxide;      spectrum     of     discharge 

through,  52,  301 
nitrous  oxide;    spectrum  of  discharge  through, 

52.301 
novae;  spectrum  {sec  Novae) 
oxygen 

identification  of  lines  in  spark  in  air  and  Oj, 

590-870  MM,  51,  236;  54.  76 
shift  of  spark  lines  with  reference  to   vacuum 
tube  lines,  51,  236 
pole-effect 

in   iron    arc,    comparison    of    6-mm    6-amp. 

and  12-mm  5-amp.  arcs,  53,  260 
measurement,    displaceable  slit-method    sug- 
gested, 53,  329 
relation  to  Zeeman  effect,  for  iron,  nil,  53,  329 
potassium 
arc    spectrum,    low-curient;     variation    with 

current,  54.  191 
classification  of  lines,  low-current  arc  stages, 
54,  191 
pressure  shift 
calcium  arc  lines,  315-650  mm.  53.  224 
source  for  study;    exploded   wire  suggested, 

51,  37 
in  stellar  spectra,  Arcturus,  Procyon,  53,  327 
quantum  theory  {see  theorj') 
radium  emanation  (niton) 
new  lines,  398-745  fin,  54,  285 
relative  intensity  of  lines;    variation  during 
discharge,  54,  285 
resonance  lines  in  low-current  arc  spectra 
intensity  vaiiation  with  current  for 
Ag,  Bi,  Cd,  Cu,  and  Zn,  54,  246 
Ba,  Ca,  K,  Mg,  Na,  and  Sr,  54,  191 
Ritz  equations  {see  series) 
scandium 
classification  of  lines,  furnace  stages,  54,  28 
furnace    spectrum,    301-656  mmI     at    various 
temperatures;    comparison  with  arc,  solar 
and  sun-spot  spectra,  54,  28 
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scandium  {cont.) 
Zeeman  effect  for  lines  in  sun-spot  spectrum, 
54.28 
series 
in  Ba  spectnun,  singlets  and  triplets,  51,  23 
in   Ca    spectrum,   singlets   and    triplets,   52, 

265 
notation;   explanation,  51,  23 
Ritz  equations;    relation  of  low-current  arc 
results  to,  54,  246 
shifts  of  lines  (see  spark  spectra.  Sun) 
measurement;    displaceable  slit  method  sug- 
gested, 53,  32g 
photographic,  due  to  mutual  action  of  adjacent 
images,  52,  98;   53,  349 
silver 
arc   spectrum,   low    current;    variation   with 

current,  54,  246 
classification  of  lines;  low-current  arc  stages, 
54.  246 
sodium 
arc   spectrum,   low   current;    variation   with 

current.  54,  igi 
classification  of  lines;    low-current  arc  stages 

54.  191 
Zeeman    effect   for  D-lines;     explanation   of 
\\'oltjer's  observations,  51,  107 
sources  of  light  (see  arc,  exploded  wire,  spark, 
vacuum) 
exploded    wire;     appearance   and  mechanical 
effects  of  explosion,  51,  37 
spark  spectra   (see  air,  argon,  fluoiine,  hydro- 
gen, nitrogen,  ox>-gen) 
relative  intensity;  effect  of  self-inductance  on 

air  and  O  lines,  51,  236 
shift  with  reference  to  vacuum  tube  lines;  air, 

Ar,  H,  N,  and  O  lines,  51,  236 
ultra-\aolet,  extreme  (see  C,  Fe,  He,  Xi,  Zn, 
ultra-violet) 
spark,   condensed,   in   vacuum;    as   source   for 

extreme  ultra-violet,  52,  286 
spectrographs  (see  grating,  interferometer) 
standards,  international   secondary;   questioned 
lines ;     comparison   of   6-mm    6-amp.   and 
12-mm  5-amp.  arcs;   pole-effect,  53,  260 
stellar  spectra  (see  Stars) 
strontium 

arc-spectrum,    low-current;     variation    with 

current,  54,  191 
classification  of  lines 
arc  stages,  low-current,  54,  191 
furnace  stages,  infra-red,  51,  179 
infra-red    furnace    spectrum    to    920  mm;     at 
various  temperatures,  51,  179 
structure  (see  bands,  bismuth) 
sulfur  dioxide  bands 
in    visible   and   ultra-violet,    including   forty 
new;   wave-lengths,  52,  301 
sun  (see  Sun) 


Swan  band 
intensity    distribution;      5165  A;     arc    and 
furnace  spectra,  53,  161 
theory 

Bohr;    relation  of  low-current  arc  results  to, 
54.  246 
relation   of   minimum    voltage  results   for 
helium  to,  52,  r 
isotopic,  of  separation  of  doublets  of  HBr  and 

HCl,  52,  248 
quantum,   of   structure   of   band   spectra   of 
halogens,  based  on  simple  molecular  model 
of  Bohr  type,  51,  230 
titanium;  absorption  spectrum,  electric  furnace, 

at  various  temperatures,  51,  13 
ultra-violet  spectra  (see  Ca,  CO,  CO2,  F,  Mn,  N, 
NH„  N,0,  N.O.,  S0>,  Sun) 
extreme,  to   200  A   (see  C,  He,  Fe,  Ni,  Zn) 
measurements  of  wave-lengths,  53,  150 
source;   condensed  vacuum  spark,  52,  286 
spectrograph,  vacuum,  52,  47,  286;   53,  150 
screens  for  region  290-315  mm,  54.  297 
spectrograph,  special  double,  for  solar  spec- 
trum, 290-315  nfi,  54,  297 
vacuum  discharge  spectra   (see  CO,   CO.,  CF4, 
N.  Xe,  XH<,  RaEm,  SO,) 
intensity  of  N  bands  as  function  of  energy  of 

cathode  rays,  52,  278 
minimum  voltage  for  excitation  of  He  spectra, 

52.  I 

spectra  of  discharge  through  COj,  HiS,  X'H4, 
X,0,  X=0,,  SO,,  52,  301 
vacuum  sources 
cathode  rays   from   treated  carbon  cathode, 

used  to  heat  anode,  53,  323 
condensed  spark,  52,  286 
vanadium;    Zeeman  effect,   direct  and  inverse, 
for    90    furnace    lines;     comparison    with 
effect  for  spark  lines,  51,  107 
Venus;  spectrum  (see  Venus) 
water    vapor:     absorption    band,    930-963  nii, 

53.  121 
X-ray  spectra 

L-series  of  carbon;    identification,  52,  47 
Zeeman  effect  (see  Fe,  Xa,  So,  \') 

furnace  lines  compared  with   spark  lines,   of 

Fe  and  V,  51,  107 
relation  to  pole-effect  for  Fe  lines  nil,  53,  329 
zinc 
arc   spectnmi,    low   current;     variation   with 

current,  54,  246 
classification  of  lines,  low<urrent  arc  stages, 

54.  246 

ultra-\-iolet  spark  spectrum  to  316  A;    Plates, 

52,  47,  286;  wave-lengths,  52,  286 
Stars 

atmospheres,  pressure  in;  Arcturus  and  Procyon, 

53.  327 

binaries  (see  Binaries  and  \'ariables) 
brightness  (see  parallax) 
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stars  (conl.) 
catalogue  {see  Cluster  stars) 

in   Pleiades;    magnitudes  and  colors  of  S21 

stars  in  region  2°  square,  54,  323 
spectroscopic    parallaxes,    magnitudes,    tj'pe, 
and  proper  motion  of  1646  stars,  53,  13 
Cepheids  {see  \'ariables) 

Class   B0-B5;    statistical   study   of   180  stars; 
mean     magnitude,     parallax     and     proper 
motion,  54,  140 
Class  O;  collision  theory  of  origin,  54,  229 
Class  Oes  (see  Binaries) 
Class  ^Id  (see  Variables) 
cluster  (see  Cluster  stars) 
colors  (see  Cluster  stars) 

determination  for  nebulous  stars,  52,  8 
nebulous  stars,  47,  including  p  Ophiuchi,   a 

and  22  Scorpii,  52,  8 
in  Pleiades;   753  dwarfs,  54,  323 
comparison  stars,  for  Messier   72;    photographic 

magnitudes  of  2g,  52,  232 
constant  stars,  from  photometric  studies 
Bond  624.  53.  317 
I  and  <r  Cassiopeiae,  54,  81 
Class  B:   tti  Orionis,  {.  e,  and  /x  Tauri,  51,  193 
T<  Orionis,  51,  193,  218 
I,  e,  and  n  Tauri,  51,  193 
/  and  w  Persei,  53,  105 
radial  velocity  constant  (see  radial) 
density  of  stars 

in  Gal.  long.  +32°,  lat.  —20°,  52,  73 
in  Galax>';  distribution,  52,  23 
in  space,  as  function  of  parallax  and  magni- 
tude, 52,  23 
diameters 

measurement  with  stellar  interferometer,  51, 

257  (see  Interferometer) 
a  Orionis,  53,  249 
disk  (see  diameter) 

darkening  of  limb  (see  \'ariables) 
distribution    of    liuninosity;      interferometer 
method  of  study,  53,  249 
distribution  in  space  (see  density) 

nimiber  of  each  magnitude  per  unit  volume, 
luminosity  curve,  52,  23 
double  stars  (see  Binaries,  visible) 
dwarf  stars,  in  Pleiades  (see  catalogue) 
Galaxy  (see  Galaxy) 
giants  (see  Cluster  stars.  Variables) 
magnitudes,  absolute  (see  parallax) 
magnitudes,  photo-electric,  of  /S,  6,  I,  ir  Persei, 

53.  105 
magnitudes,  photographic  and  photo-visual 
catalogue,  of  1646  stars,  53,  13 
Class  B0-B5,  180  stars,  54,  140 
comparison  stars 
for  Messier  72,  29,  photographic,  52,  232 
for  Nova  Persei  No.  2,  36,  52,  183 
in  Messier  3  and  63  (see  Cluster  stars) 
in  Orion,  eight;   photo-visual,  53,  317 


in    Pleiades;    statistical    study    of    821,    54, 

323 
scales,  photo-visual;  comparison  of  Barnard's 
with  Mount  Wilson,  54,  323 
measurements  from  photographs;  possible  errors 
due    to    contraction    effect,    52,    98;     and 
mutual  action  of  images,  53,  349 
nebulous  stars 

colors  of  47,  including  p  Ophiuchi,  <r  and  22 

Scorpii,  52,  8 
spectrum 

R  Aquarii,  nebulous  lines;  Plate,  53,  375 
nebulosity  around  six  stars.  52,  8 
novae  (see  Novae) 
number  of  each  absolute  magnitude;  luminosity 

curve,  52,  23  (see  density) 
parallaxes  and  absolute  magnitudes 

catalogue  for  1646  stars;    spectroscopic  and 

trigonometric  results,  53,  13 
Class  B0-B5  stars;  mean  for  180,  54,  140 

Boss  1517,  51,  254 
determination;  methods 

accuracy,  relative;    discussion.  54,  140 
interferometer  method  suggested,  51,  257 
spectroscopic;   description.  53,  r3 
distribution  of  stars  in  space  and  number  of 

each  magnitude.  52,  23 
relation    of    magnitude    to    space    velocity; 

statistical  study  of  1350  stars.  54,  9 
relation  of  parallax  to  apparent   magnitude 
and  proper  motion,  52,  23 
pressure  in  atmospheres  (see  atmospheres) 
proper  motion 

catalogue,  for  1646  stars,  53,  13 
Class  B0-B5,  mean  for  180  stars,  54,  140 
large;   two  faint  stars  near  Msr,  54,  237 
measurement;     interferometer    method    sug- 
gested. 51,  257 
radial  velocity  (see  velocity,  space) 
binaries  (see  Binaries) 

16,  19,  +59°2395,  +83°t04  Cephei,  52,  198 
constant  for  5  Ophiuchi,  tj  Serpentis.  /3  Pegasi, 

52,  317 
+73°835  Draconis,  52,  19S 
o  Hercules  and  comp.,  53,  201 
25  8  Ursae  Majoris,  23  S  Ursae  Minoris.  52, 198 
spectra  (see  nebulous  stars) 

combined    bright    and    dark    line    spectra; 

explanation,  51,  13 
variable  (see  \"ariables) 
spectral  type 

catalogue  for  1646  stars,  53,  13 
theory;     effect   of   passage   of   a   star   near   or 
through  a  nebula,  53,  169;  54,  229 
origin  of  Class  0  stars,  54,  229 
variable  stars  (see  \'ariables) 
velocity;   radial,  tangential  and  space 

distribution;     frequency    of    each    velocity; 

statistical  study  of  1350  stars,  54,  9 
relation  to  absolute  magnitude,  54,  9 
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Sugar,  cane;  aqueous  solution 
dispersion,  rotary,  magnetic  and  natural,  436- 

620  lilt,  54,  116 
refractive   index,    one    to   one   solution,    436- 
620  MM,  S4>  116 
Sun 
corona;   May  29,  1919;   photograph,  51,  i 
eclipse;  May  29,  1919;  Smithsonian  expedition; 

brief  report,  51,  i  (see  corona) 
meteorites   falling   into;    light   expected   from; 

theoretical  discussion,  51,  37 
prominence;   May  29,  1919;   photograph,  51,   i 
October  8,  1920;  very  high;  stages  of  growth ; 
photographs  with  Ca  line,  53,  310 
spectrum,  including  Fraunhofer  lines 

comparison    with   arc   and    furnace    spectra; 

scandium  lines,  54,  28 
energy  distribution,  corrected  for  atmospheric 

absorption,  315-290  mMi  54.  297 
infra-red,     890-990  mm;      identification     and 
origin  of  lines;    wave-lengths  of  563  lines, 
including  50  solar;  also  Plate,  53,  121 
shifts  of  lines 

atmospheric  refraction,  53,  3S0 
center-arc,    predicted    by    anomalous    dis- 
persion theory,  54^  92 
mutual  influence  of  adjacent  lines;    data 
from  limb-center  comparisons,  54,  92  (see 
photographic) 
photographic  effect  of  adjacent  lines,   52, 

98;  53,  349 
theory,  anomalous  dispersion;    of  gravita- 
tional shift,  limb-center  shift,  and  mutual 
influence  shift,  54,  92 
spot  spectra  {see  spots) 
theory  {see  shifts) 
ultra-violet  {see  energy  distribution) 

map,  photographic;    315-290  mm,  54»  297 
spots 
spectrum 

comparison  with  arc  and  furnace  spectra; 

scandium  lines,  54,  28 
Zeeman  effect  for  scandium  lines,  54,  28 
theory;   cooling  of  rising  gases,  54,  293 
theory  {see  spectrum ,  spots) 

Tartaric  acid;  aqueous  solution 

dispersion,     rotary,     natural,     and     magnetic, 

436-620  MM,  54, 116 
refractive  index,  for  one  to  one  solution,  436- 
620  nii,  54,  116 
Telescope  objective;    diffraction  by;    effect  on 
image   of  disk   and  combination  of  disks, 
including  lune;  mathematical  theory,  51,  73 
Temperature  scale 
brightness  ratio,  gold  point  to  palladium  point, 

51.  244 
palladium  melting-point,  51,  244 
Theory  {see  Binaries,  Dynamics,  Electron,  Grat- 
ings, Gravitation,  Interferometer,  Nebulae, 
Novae,  Origin,  Photographic  plates.  Radia- 
tion pressure,  Spectra,  Stars,  Sun,  Variables 


Transits;    observation;    effect  of  diffraction  by 

telescope  objective;   theory,  51,  73 
Triple  systems 

65  T  Cygni;  orbit  of  spectroscopic  binary  com- 
ponent, 53,  144 

13  Ceti;  orbit  of  spectroscopic  binary  compo- 
nent and  perturbations  due  to  fainter  visual 
component,  52,  no 

light  curve  of  variable  binary  component  of 
X  Tauri,  51,  193 

orbits;  of  binary  components  {see  65  t  Cygni, 
13  Ceti,  and  X  Tauri) 

perturbations  due  to  third  body  (see  13  Ceti 
and  X  Tauri) 

X  Tauri;  photometric  study  of  variable  binary 
component;  orbit,  light  curve,  effect  of 
third  body  nil,  51,  193 

Variable  nebulae  (see  Nebulae) 
Variable  stars 

Algol;   photometric  study,  elements  of  eclipsing 
system,  light  curve,  color  of  satellite,  53, 
105 
R  Aquarii;   spectrum,  intensities  and  displace- 
ments of  lines  and  nebular  lines  (Plate),  53, 
375 
y  Argus;  spectrum;  temporary,  shifting,  absorp- 
tion He  lines,  52,  39 
7    Camelopardalis;     photometric    study;     light 

curve  and  elements,  54,  217 
RS  Canum  Venaticorum;   light  curve,  elements, 

computed  parallax,  53,  99 
/  Carinae;    periodic  variations  of  wave-length 

and  spectral  type,  54,  161 
I    H.     Cassiopeiae;    photometric    study;    light 

curve,  elements,  darkening  of  limb,  54,  81 
SX  Cassiopeiae;    light  curve,  elements,  53,  165 
T  Cephei;   periodic  spectrum  changes,  53,  185 
U    Cephei;     photometric    study;     light    curve, 
elements,  evidence  of  tidal  evolution,  52, 
145 
Cepheids  (see  I  Carinae,  X  Cygni,  Messier  72) 
light  curves  of  26,  in  Messier  72,  52,  232 
light   range,   small;     possibility   of    Cepheids 

with;  suggestion,  51,  62 
orbit,  spectroscopic,  for  X  Cygni,  53,  95 
origin;   collision  theory  of,  54,  229 
magnitude,  mean,  for  26  in  M72,  52,  232 
periods;  in  M72,  26  variables,  52,  232 

relation  to  spectral  type,  54,  161 
spectral  type;   range  of  variation  and  relation 

to  period,  54,  16 
spectrum;      pwriodic     variations     in     wave- 
length and  type;   I  Carinae,  54,  161 
theory  {see  origin) 

general  conclusions;    mean  atomic  weight; 

ratio  of  mass  to  radius,  52,  73 
relation  of  period  to  brightness,  52,  73 
variation 

binary  theory;  discussion,  51,  62 
condition  of;  ratio  mass  to  radius,  52,  73 
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Variable  stars  (cont.) 
Class    Md;     spectrum;     periodic    changes    in 
emission   lines    (see    T    Cephei,    X    Cygni, 
R  Hydrae,  R  Leonis,  X  Ophiuchi,  R  Ser- 
pentis,  53,  185;    R  Aquarii,  53,  375) 
classification  of  long-period  variables,  53,  179 
cluster  variables  {see  Cepheids) 
color  variation  of  typical,  51,  49 
colors  and  magnitudes  of  28  in  M68,  51,  49 
magnitude,  absolute,  of  typical,  51,  49 
new;  in  M3;    17  probable,  51,  140 
in  M53,  56,   72,  and  75;    positions  of  80 

shown  on  photographs,  52,  73 
in  M68;   28,  mostly  typical,  51,  49 
colors  (see  cluster) 

satellite  of  Algol,  53,  105 
X  Cygni;   spectroscopic  orbit,  53,  95 
X  Cygni;   periodic  changes  of  spectrum,  53,  185 
darkening  of  limb;    i  H.  Cassiopeiae,  54,  81 
205   Draconis,   probable  eclipsing  variable,  53, 

201  (see  Binaries) 
eclipsing  variables 
light  curve  and  elements  (see  Algol,  7  Camelo- 
pardalis,    RS     Canum    Venaticorum,    SX 
and  I  H.  Cassiopeiae,  U  Cephei,  RT  Lacer- 
tae,  X  Tauri) 
probable,  205  Draconis,  53,  201 
ellipsoidal  variable  (see  tts  Orionis) 
evolution,  tidal,  of  U  Cephei;   evidence,  52,  143 
giants  (see  Cepheids) 

R  Hydrae;  variations  in  spectrum,  53,  185 
irregular  variables;    collision   theorj-  of  origin, 

54.  229 
RT  Lacertae ;    light   curve  and   elements,  52, 

257 
R  Leonis;   variations  in  spectrum,  53,  185 
light  curves  (see  Cepheids,  eclipsing,  ellipsoidal, 

and  long-period  variables) 
long-period  variables 
classification,  53,  169 
light  curves  of  66;   constants,  53,  169 
spectrum  of  R  Aquarii,  53,  375 
magnitude  (see  Cepheids) 


magnitude,  absolute  (see  cluster,  parallax) 
Messier  3,  53,  56,  68,  72,  75;  new  variables  (see 

cluster) 
Messier  72;  light  curves  of  26  Cepheids,  52,  232 
nebulous  variable  (see  R  Aquarii) 
new  variables  (see  cluster  variables) 
B.D.  -1-81  ?27;   -f-8i?3o,  52,  145 
orbits;  elements  (see  eclipsing  variables) 

spectroscopic;  X  Cygni,  53,  95 
origin,    of    Cepheids    and    irregular    variables; 

collision  theor\',  54,  229 
X  Ophiuchi;   variations  in  spectrum,  53,  183 
tts  Orionis;   photometric  study;   light  curve  and 

elements,  51,  218 
parallax  and  absolute  magnitude,  of  RS  Canum 

Venaticorum,  53,  99 
periods  (see  light  curves,  Cepheids) 
photometric  study    (see  Algol,  7   Camelopard, 
I  H.  Cassiopeiae,  U  Cephei,  X  Tauri) 
IT'  Orionis,  constant  star,  51,  193,  218 
R  Serpentis;   variations  in  spectrum,  53,  185 
spectrum;    periodic  variations  in  emission  lines 
(see  R  Aquarii,  7  Argus,  Cepheids,  Class  Md) 
suspected  variables 
B.D.  -l-io?i77i,  52,  9 
Bond    624    in    Orion;     photometric    study; 

Hartttig's  elements  incorrect,  53,  317 
205  Draconis,  53,  201 
S  Persei,  53,  105 
X  Tauri;    photometric  study;    light  curve  and 

elements  for  binary,  51,  193 
theory  (see  origin) 

tidal  evolution;   evidence  of;   U  Cephei,  52,  14s 
Wolf-Rayet  star  (see  7  Argus) 
Venus;  spectrum;  systematic  shifts  of  solar  lines; 
variation  with  zenith  distance;  explanation; 
Plate,  53.  380 

X-rays 

L-series  of  carbon;   identification,  52,  47 
source;  condensed  vacuum  spark,  52,  47 

Zeeman  effect  (see  Spectra) 
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